SCIENCE AND nous 
VOLUME XLVII NUMBER 8 


THE 


OURNAL of GEOLOGY 


A SEMI-QUARTERLY 
REP 


EDITED BY IO ih | 
ROLLIN T. CHAMBERLIN : WOTE OO” 


With the Active Collaboration of 


EDSON S. BASTIN, Economic Geology CAREY CRONEIS, Invertebrate Paleontology 
NORMAN L. BOWEN, Petrology D. JEROME FISHER, Mineralogy 
J HARLEN BRETZ, Geomorphology ALFRED S, ROMER, Vertebrate Paleontology 


ASSOCIATE EDITORS 


CHARLES BARROIS, France ARTHUR L. DAY, Carnegie Institution 
ALBRECHT PENCK, Germany ELWOOD S. MOORE, University of Toronto 

W. C. BROGGER, Norway WILLIAM H. HOBBS, University of Michigan 
GERARD DsGEER, Sweden FRANK D. ADAMS, McGill University 

H. ALBERT BROUWER, The Netherlands CHARLES K. LEITH, University of Wisconsin 
BAILEY WILLIS, Leland Stanford Junior University WALLACE W. ATWOOD, Clark University 
JOHN B. REESIDE, Jr., U.S. Geological Survey WILLIAM H. EMMONS, University of Minnesota 


NOVEMBER-DECEMBER 1939 


MULTIPLE ALPINE GLACIATION IN THE LEAVENWORTH AREA, WASHINGTON 

A BEN M. Pace 
"STRUCTURAL GEOLOGY OF THE TRAIL CREEK-CANYON MOUNTAIN AREA, MON- 
A ee ee ee ee 


» GARNET SEGREGATIONS IN GRANITE GNEISS OF DEKALB COUNTY, GEORGIA 
James G. LESTER 


) REVIEWS 
© This Earth of Ours, Victor T. ALLEN (Raymond E. Janssen) - - - - - - - - 
| Boletin de geologia y mineria, Tomo II, Nos. 2,3,and4(R.T.C.) - - - - - - - 
Regionale Geologie der Erde, Band I, K. ANpREE et al. (eds.) pues E. Janssen) - 
Geomechanik, G. Kirsch (A.C.L.) - - - - - - Ch oe Ae 
Geology of London and South-East England, G. M. Dine asitdnd E, Janssen) - - 
Shrewsbury District Including the Hanwood Coalfield, R. W. Pocock et al. (Raymond E. Janssen) 
“Black Hills Caves,” Black Hills Engineer, Epwarp L. Tutus and JoHN Paut Gries (Maurice E. 
Kirby) - - - - - oi ie ee i ee eee) eee ae 
Our Natural Resources and Their Lobedeiiillie A. E. Parks and J. R. WHITAKER bom. ) (Raymond 
E. Janssen) - - - - - - - 
Applied Geophysics, A. S. in and D. A. Kets CH. W. Straley, II) ee ee es - 
“The Discoveries of Antarctica within the American Sector, as Revealed by es and Si 
ments,” WiLLIAM Hersert Hopss (Raymond E. Janssen) - - - - - - 
Molluscan Faunas of the Domengine and Arroyo Hondo Formations of the California pane HaROLp 
Ernest Vokes (Raymond E. Janssen) 


THE UNIVERSITY OF CHICAGO PRESS 


CHICAGO, ILLINOIS, U.S.A. 





Vol. XLVI, 


November-December 1939 


THE JOURNAL OF GEOLOG} 


EDITED BY 
ROLLIN T. CHAMBERLIN 


With the Active Collaboration of 


CAREY CRONEIS 
Invertebrate Paleontology 


D. JEROME FISHER 
Mineralogy 


EDSON S. BASTIN 
Economic Geology 


NORMAN L. BOWEN 
Petrology 


J HARLEN BRETZ 
Geomorphology 


ALFRED S. ROMER 
Vertebrate Paleontology 





The Journal of Geology is published by the University of Chicago at the University of Chicago P 
5750 Ellis Avenue, Chicago, Illinois, semi-quarterly, on or about the following dates: February 1, March® 
May 1, June 15, August 1, September 15, November 1, December 14. §] The subscription price is$64 
per year, the price of single copies is $1.00. Orders for service of less than a full year will be charged at tit 
single-copy rate. {| Postage is prepaid by the publishers on all orders from the United States, Mexico, Cubs 
Puerto Rico, Panama Canal Zone, Republic of Panama, Dominican Republic, Canary Islands, E] Salvador 
Argentina, Bolivia, Brazil, Colombia, Chile, Costa Rica, Ecuador, Guatemala, Honduras, Nicaragua, Per 
Hayti, Uruguay, Paraguay, Hawaiian Islands, Philippine Islands, Guam, Samoan Islands, Balearic Island 
Spain, and Venezuela. { Postage is charged extra as follows: for Canada and Newfoundland, 25 cents @ 
annual subscriptions (total $6.25); on single copies 3 cents (total $1.03); for all other countries in the Post 
Union 65 cents on annual subscriptions (total $6.65), on single copies 8 cents (total $1.08). § Patrons 
requested to make all remittances payable to The University of Chicago Press in postal or express mon 
orders or bank drafts. 


The following are authorized agents: 
For the British Empire, except North America, India, and Australasia: The Cambridge Universi 


Press, Bentley House, 200 Euston Road, London, N.W. 1. Prices of yearly subscriptions and of 
copies may be had on application. 

For Japan: The Maruzen Company, Ltd., Tokyo. 

For China: The Commercial Press, Ltd., 211 Honan Road, Shanghai. Yearly subscriptions, includi 
postage, $6.65; single copies, including nesta, $1.08, or their equivalents in Chinese money. ; 
Claims for missing numbers should be made within the month following the regular month of public 

tion. The publishers expect to supply missing numbers free only when losses have been sustained in transity 
and when the reserve stock will permit. 
Business Correspondence should be addressed to The University of Chicago Press, Chicago, Il. 
Communications for the editors and manuscripts should be addressed to the Editor of Taz JouRNALG 


Gerotocy, The University of Chicago, Chicago, Ill. 
Contributors are requested to write scientific and proper names with particular care and in citations 


follow the form shown in the pages of the Journal. 

Because of the high cost of printing, this Journal has found it necessary to adopt the following 
{ 1. The cost of illustrative material, in excess of $1.50 per page for the article, beyond the cost of type whid 
would have occupied the same space, shall be borne by the author. ¥ 2. The cost of excessive alteration® 
(i.e., changes from the original manuscript) made by the author will be charged to him. { 3. For the present 
the Journal will supply free 50 reprints (without covers) of each article. Additional reprints must be ordered 
in advance of publication; rates will be furnished on request. 

The articles in this Journal are indexed in the International Index to Periodicals, New York, N.Y. 

Applications for permission to quote from this Journal should be addressed to The University of Chica 


Press, and will be freely granted. 


Entered as second-class matter March 20, 1893, at the Post-office at Chicago, Ill., under the Act of March 3, 1879. 
Acceptance for mailing at special rate of postage provided for in Section 1103, Act of October 3, 1917, authorized on Ji 


15, 1918. 





PRINTED IN THE U.S.A. 











VOLUME XLVII NUMBER 8 


THE 


JOURNAL OF GEOLOGY 


November-December 1939 


MULTIPLE ALPINE GLACIATION IN THE 
LEAVENWORTH AREA, WASHINGTON 


BEN M. PAGE 
University of Southern California 
ABSTRACT 

In this area there is evidence for three successive Pleistocene glaciations, each of 
which was less extensive than the preceding one. The first two glaciations were sepa 
rated by a long interval. The third is fairly well established as a distinct event but may 
possibly represent a phase of the preceding stage. In any case the third glaciation is 
undoubtedly equivalent to all or to part of the Wisconsin stage. 


INTRODUCTION 

The region here described appears on the Chiwaukum and Mount 
Stuart topographic sheets of the U.S. Geological Survey. Leaven- 
worth occupies part of a flat valley floor crossed by the Wenatchee 
River. This stream emerges from a gorge in the mountains just to 
the west, flows past the town, then follows a passage between low 
mountains, and finally meets the Columbia near the city of We- 
natchee (Fig. 1). 

Although the Pleistocene continental ice sheets did not reach 
Leavenworth, three successive stages of valley glaciation are repre- 
sented in the area, and these are herewith given local names to avoid 
assuming definite correlation with stages elsewhere. Beginning with 
the earliest, they are designated as ‘“‘Peshastin,”’ ‘‘Leavenworth,”’ 
and “Stuart” to correspond with localities where their record is 
clearly shown. To clarify the following paragraphs the reader should 
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note on the accompanying map (Fig. 2) the general distribution of 
the glacial deposits. It will be seen that the valley of Icicle Creek 
and the valley of the Wenatchee River are centers of interest in this 
discussion. In brief, the Peshastin glacier occupied Icicle Canyon 
and advanced eastward down the Wenatchee River to the site of 
Peshastin. After an interval of deglaciation a somewhat smaller gla- 
cier of the Leavenworth stage followed a similar course as far as the 
site of Leavenworth. Following another interval of milder climate, 
presumably, glaciers of the Stuart stage filled some of the tributaries 
of Icicle Creek but were unable to advance as far as their predeces- 
sors. 
THE PESHASTIN GLACIAL STAGE 

The oldest recognized glacial products in the Leavenworth region 
are more or less limited, as elsewhere, to materials rather than to 
topography. The later glacial stages are partly represented by mo- 
raines of typical form and by other physiographic features, but the 
outlines of the Peshastin moraines have mostly been obliterated by 
erosion and deposition. The nature of the till, then, is the chief 
point of interest in this instance. 

CHARACTER OF THE PESHASTIN TILL 

The glacial till of the Peshastin stage is notably decayed and is 
partially blanketed by later deposits, so it is best observed in arti- 
ficial excavations, although its nature may locally be ascertained in 
natural exposures. The following descriptions deal, first, with the 
aspect of the till on the unbroken surface of the ground, and second, 
with the appearance of the material as it is seen in roadcuts, etc. 

On level, undisturbed areas of till boulders comprise less than 5 
per cent of the surface of the ground and in some places are al- 
together concealed by deposits of silt. Several boulder counts were 
made on level areas on the flat-topped ridge just southeast of 
Leavenworth, and the results of a typical count are given in Table 1. 

A less typical count made on one of the most bouldery flat areas 
is itemized in Table 2. Even in this somewhat exceptional case the 
boulders themselves account for less than 5 per cent of the surface 
of the ground. 
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TABLE 1 
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In such localities as these two, weathering has aided in the partial 
development of a nonbouldery aspect. In almost any occurrence of 
the Peshastin till a typical exposed boulder has subrounded outlines; 
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TABLE 2 


APPROXIMATE NUMBER OF BOULDERS IN 1 ACRE 


IN FEET) | 
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and by digging around the base, one usually discovers that several 

inches have weathered away from the portion above the ground. 
For the most part, the true nature of the till is only revealed in 

artificial excavations, and at the present time two of the most en- 
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lightening excavations are to be seen near the town of Peshastin. 
One is a roadcut on the highway just across the river from Peshastin, 
and the other is a railroad cut by the Great Northern tracks north- 
west of the same town (see Fig. 10). These excavations reveal a 
deeply weathered till overlain by at least 6-20 feet of gravel, sand, 
and silt. The till, as seen here, is pale rusty brown, and other ex- 
posures to the northwest indicate that the discoloration extends to a 
depth of about 25 feet below the present surface of the ground. 
Clay, silt, sand, pebbles, cobbles, and boulders are jumbled to- 
gether, the coarse materials constituting the bulk of the deposits. 
These larger constituents are angular to rounded in outline, nearly 
all pebbles and cobbles being rounded almost as much as some 
fluviatile materials of comparable size. The rounded pebbles are 
somewhat abnormally prevalent, owing to their derivation, in part, 
from Swauk conglomerate. Granodiorite, schist, gneiss, serpentine, 
conglomerate, sandstone, shale, and pegmatite are the most abun- 
dant rock types in the till, but almost every other common rock is 
represented, this latter condition likewise being explained by deriva- 
tion of some material from Swauk conglomerate. (On the whole, 
Swauk detritus is much more abundant than in the younger tills.) 
The boulders reach a diameter of 10 or 15 feet, although this is rare, 
the most common size being from 1 to 3 feet. 

The striking feature of the till is the deep weathering of some por- 
tions, as exemplified by the granodiorite boulders. Some of the lat- 
ter, 3 or 4 feet in diameter, are decomposed to the core and show a 
ragged exfoliation which produces rounded outlines. Almost every 
granodiorite boulder less than 12 inches in diameter is rotten to the 
center, the only exceptions being unusually acidic varieties. The 
boulders of average composition larger than 12 inches show the fol- 
lowing degrees of decay: about 85 per cent are notably rotten, 15 
per cent are superficially so, and almost none are virtually un- 
weathered. On the whole, all granodiorite boulders of average com- 
position are somewhat decomposed to a depth of 3-8 inches, and the 
more femic phases are rotten to a depth of 18 inches or more; but 
the development of cataclastic structures in the rocks prior to their 
transportation by ice is an important factor in the depth of weather- 
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ing. The granodiorite im situ has been crushed locally in varying de- 
grees. 

The foregoing paragraph applies to granodiorite. Not all of the 
constituents of this ancient till are decayed, by any means; in fact, 
many of the boulders, excluding granodiorite, retain their original 
surfaces. The pegmatite, aplite, vein quartz, and other very acidic 
materials are not appreciably decomposed. The serpentine retains a 
smooth polished exterior, although the rock is weathered to a rusty 
brown for a depth of several inches. Some sandstone, if very well 
cemented, is almost unweathered; while crushed or poorly cemented 
arkose is conspicuously rotten and shale pebbles in most cases are 
separated into thick laminae which have lost cohesion. 

It is important to record the fact that no striations of probable 
glacial origin were discovered in this old till, the identification of the 
material being based upon lack of sorting, lack of stratification, 
areal extent, and field relations. It is also important to note that the 
till would mostly remain unseen today were it not penetrated by 
artificial excavations. Not only are the deposits partially covered by 
later sediments, but in addition the more or less decayed material 
slumps so readily that, even where it is cut into by streams, few in- 
dications of its nature are visible. Only in rather fresh, nearly verti- 
cal cuts are the ghosts of rotten boulders apparent, and unfortunate- 
ly there are only a few such exposures at present. 

DISTRIBUTION AND SOURCE OF PESHASTIN TILL 

Scattered exposures in the decayed till are available along the 
abandoned railroad between Peshastin and Leavenworth and along a 
number of dirt roads in the hills due south of Leavenworth (see Fig. 
2). In almost every case the glacial deposits are overlain by silt 
through which very few boulders project. On either side of the We- 
natchee River between Peshastin and Leavenworth the surface of 
this silt forms a crude, fragmentary terrace which is partly covered 
by alluvial fans near the base of the adjacent hills. By assuming that 
this terrace is almost everywhere underlain by the till, it has been 
possible to map the latter along the Wenatchee River, which lies 
110-250 feet below the terrace. 

Farther west, the glacial material rises to higher levels (above the 
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terrace) and has been mapped by means of scattered boulders and a 
few artificial cuts all the way to the granodiorite massif at the mouth 
of Icicle Canyon, near which point it lies 1,050 feet above the present 
level of Icicle Creek. As the till is traced toward Icicle Canyon, it 
definitely assumes the form of an eroded lateral moraine, this being 
the only case where the original glacial topography of the Peshastin 
stage is preserved. The explanation for this exceptional condition 
lies in the fact that the moraine surmounts the adjacent area and is 
not subjected to wash from contiguous territory; moreover, it does 
not lie in the path of any stream or river. Even so, the till has suf- 
fered considerable erosion. 

In view of the distribution it is apparent that the Peshastin till 
was deposited by a valley glacier which flowed eastward out of 
Icicle Canyon, filled (and doubtless widened) Leavenworth Valley, 
overflowed the ridge bounding the valley on the east, and flowed 
down the valley of the Wenatchee River to the present site of 
Peshastin, or slightly beyond. Evidence presented in the following 
paragraphs limits the eastward extent of the Peshastin ice. If the 
glacier originated in the present headwaters of Icicle Creek at the 
crest of the Cascades, it attained a total length of about 30 miles. 
Throughout 25 miles of this distance it was perhaps confined be- 
tween high canyon walls in the rugged area of crystalline massif, but 
it was locally unconfined in the lower country near its east end. This 
must have been a determining factor in the wastage of the ice and 
the limit of its progress eastward, as there was little protection from 
the sunlight throughout the last 5 miles. The glacier at its lowest 
extremity reached a point which is today at an elevation of about 
1,025 feet above sea-level. 

It is surprising to note that the valley of the Wenatchee River 
near the end of the glacier was about at its present depth, as shown 
by the fact that the base of the glacial deposits just west of Peshastin 
is less than 20 feet above the present bedrock bottom of the river. If 
Leavenworth Valley has been only moderately deepened since the 
Peshastin ice disappeared, the glacier was more than 1,000 feet 
thick, judging by the elevation of till above the floor of the valley. 
One thousand feet is to be regarded more or less as a minimum fig 
ure; the actual thickness was possibly much greater than this. 
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During the existence of the Peshastin Glacier, a long valley train 
extended eastward beyond the termination of the ice, and some of 
the outwash materials are visible today, as described in the following 
section. 

THE PESHASTIN OUTWASH 

Stratified drift apparently corresponding to the Peshastin till is 

very well exposed along a flume just across the Wenatchee River 





Fic. 3.—Peshastin outwash near Dryden. View looking across the Wenatchee River. 
The flume marks the height of a bedrock platform upon which rest partly decayed 
Peshastin outwash gravels, free of vegetation. The upper part of the embankment is 
post-Peshastin (?) stratified sand and silt. 


from Dryden (Fig. 3) and in a highway cut about 3 mile southeast of 
Dryden. These occurrences probably limit the eastward extent of 
the Peshastin Glacier to a 2- or 3-mile zone between Dryden and 
Peshastin, although no terminal moraine exists there today, and, in 
fact, no reliable exposures of either till or outwash material occur 
within this zone. 

The drift is overlain by 3-25 feet of gray-buff sand and silt, be- 
neath which the outwash material itself is locally light rusty brown 
for an additional 5-12 feet in depth. Below the discolored zone the 
drift has a fresh gray color. It is prominently stratified in a rude and 
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irregular fashion, lenticular layers and cross-bedding, on a small 
scale, being prevalent. The deposit is chiefly pebbles, cobbles, and 
boulders—the latter reaching a diameter of 3 feet. The predominant 
materials are mostly subangular to subrounded and are composed of 
granodiorite, schist, serpentine, sandstone, conglomerate, shale, 
quartz, pegmatite, etc. Except for the granodiorite and various 
phases of the Swauk formation, the pebbles are mostly intact. The 
grandiorite pebbles and cobbles are all decayed in the brown zone of 
discoloration, while in the gray zone some are rotten and some are 
not, of those larger than 12 inches, about 56 per cent are notably 
rotten, 41 per cent are superficially rotten, and 3 per cent are virtual- 
ly unweathered. Some granodiorite boulders 16 inches in diameter 
are decayed to the center. 

The base of the stratified drift is 20-60 feet above the bedrock 
floor of the Wenatchee River north of Dryden, and just southeast of 
Dryden it is 25 feet above the river bottom; thus, the river here has 
not cut so very deeply into bedrock since the Peshastin glaciation, 
and this is confirmed by corresponding relations upstream, where the 
base of the till is visible. The top of the drift is about 100 feet above 
the present river, where measured; thus the outwash material is at 
least 50-80 feet thick in places. 

The surface of the stratified drift is covered with later deposits; 
but nevertheless an imperfect terrace or series of terraces remains, 
and this occurs roughly at the same relative elevation as the terrace 
composed of till farther upstream. This tends to confirm the correla- 
tion of till and stratified drift. Moreover, the appropriate antiquity 
of the latter is indicated by the depth of weathering of the mass as a 
whole, the depth of decay of individual boulders, and the thickness 
of overlying deposits. It is only natural that the stratified drift, on 
the whole, should have a slightly fresher aspect than the till, for 
most of the least-resistant materials were ground to sand or silt 
before they proceeded very far along the site of fluvioglacial deposi- 
tion, leaving only the comparatively resistant constituents as peb- 
bles and boulders. The latter, then, are in general less deeply de- 


cayed than the boulders in the corresponding till. 
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TERRACES IN PESHASTIN TILL AND OUTWASH MATERIAL 

As previously stated, a crude terrace or series of terraces sur- 
mounts the stratified drift and the till also, wherever the latter is 
exposed along the Wenatchee River between Peshastin and Leaven- 
worth (Figs. 3 and 11). The terrace, regardless of whether it is under- 
lain by drift or till, varies between 110 and 250 feet above the present 
river, the variation being due in part to different amounts of al- 
luvium deposited by small tributaries emptying upon the terrace and 
in part to the fact that the “terrace” is really a composite feature con- 
sisting of several terraces at slightly different levels. These several 
terraces merge into one another more or less on account of recent dep- 
osition, and in any case are too fragmentary to be traced separately. 

The following is a section of the terrace materials seen in an old 
railroad cut a mile east of Leavenworth. The surface of the terrace 
(somewhat irregular) is almost entirely silt; the silt, with a few scat- 
tered cobbles, extends at least 3-6 feet in depth; below this are 20 
feet of stratified sands and cobbles, which in turn are underlain by 
Peshastin till, base unseen, more than 50 feet thick. Downstream 
near Dryden another section is available, apparently in the same 
terrace, although the latter cannot be traced continuously. Here the 
surface of the ground is again mostly silt, which, with some sand, ex- 
tends downward 15-25 feet; but in this case the silt is underlain by 
stratified drift instead of till. 

It is uncertain how closely the terrace may correspond to the 
original surface of the valley train; but it definitely does not cor- 
respond to the original surface of the till, as this material locally 
exists far above the terrace. The latter, then, was cut into the till, 
and perhaps into the stratified drift to a less extent; but subsequent 
deposition of silt has added to the complexity of its origin. Some of 
the silt seems to have come from the hills bordering the terrace, but 
some may be aeolian; and wherever silt and sand overlie outwash 
gravels, they themselves may be outwash material deposited when 
dwindling glaciers were far removed upstream. 

THE LEAVENWORTH GLACIAL STAGE 


Following the Peshastin stage of glaciation, a considerable lapse 
of time occurred. Then ice again accumulated in the Cascades, and 
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glaciers advanced down the valleys for at least the second time, 
leaving a clear record of their existence. The evidence for the Leav- 
enworth stage is both lithologic and physiographic; in this case 
moraines and other glacial topographic features have been largely 
preserved to the present day. 
THE GLACIAL TOPOGRAPHY OF THE LEAVENWORTH STAGE 

The valley of Icicle Creek was again a site of glaciation, and in- 
deed was the principal scene of glacial erosion within the territory 
investigated. The valley has oversteepened sides of bare grano- 





Fic. 4.—Icicle Canyon, from trail to Icicle Lookout 


diorite in many places (Fig. 4), although in other places talus slopes 
have developed on a large scale. The floor is broad except near the 
mouth but is only flat where fluvial deposition has exceeded erosion. 
Where bedrock is seen on the valley floor, some is smoothed in pro- 
file, and roches moutonnées are fairly abundant. These features are 
all ascribed to the Leavenworth stage because the glaciers of the 
most recent or Stuart stage apparently did not occupy that portion 
of Icicle Canyon which was examined. If it be accepted that the 
present valley floor was modeled by the Leavenworth Glacier, then 
the swift waters of Icicle Creek have cut down into granodiorite bed- 
rock from 15 to 35 feet since Leavenworth time, judging from the 
dissection of fairly flat portions of the valley (Fig. 5). 
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Perhaps the most impressive glacial feature in the entire region is 
the well-preserved lateral moraine which begins where the Leaven- 
worth Glacier debouched from the mouth of Icicle Canyon. This 


moraine, from 400 to 600 feet high, abuts against the south side of 


the canyon mouth, from which 
point it sweeps gracefully east- 
ward and northward along the 
east side of Leavenworth Valley 
in a broad arc ending at Leaven- 
worth 4 or 5 miles from the start- 
ing-point. The moraine, which re- 
sembles a railroad embankment 
of gigantic proportions (Fig. 6), 
is plastered against the same 
curving bedrock ridge which was 
overflowed and covered with till 
by the Peshastin Glacier of the 
preceding stage; but in this case 
the barrier was not surmounted, 
the crest of the moraine being 
everywhere from 150 to 400 feet 
lower than the adjacent Pesha- 
stin till. 

At the southeastern outskirts 
of Leavenworth the lateral mo- 
raine descends from the ridge and 
merges into a low terminal mo- 
raine, the latter extending across 
the valley of the Wenatchee just 





Fic. 5.—Icicle Creek. A view suggest- 
5 g 
ing the amount of post-Leavenworth 


downcutting in granodiorite. The bench 
(left center) is a remnant of the glaciated 
valley floor, which is now being dissected. 


east of the town. The terminal moraine, although low and compara- 


tively inconspicuous (Fig. 7), seems to be intact except at the north 
end, where it is breached by the Wenatchee River. At the breach the 
moraine rests upon a bedrock platform 12-20 feet above the bedrock 


of the present river bottom and rises from 45 to 110 feet above its 


base. The base is 1,085 feet above sea-level. 
Only one lateral moraine has been described. The other, which 


might be expected on the west side of Leavenworth Valley, is almost 
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nonexistent. It is represented by erratics and a few inconspicuous 
patches of till on the mountainside southwest of Leavenworth, by 





Fic. 7.—Front view of Leavenworth terminal moraine. The foreground is the sur- 


face of an outwash remnant which exists as a terrace. The Wenatchee River is at a 
lower level and is off the picture to the right. 





Fic. 8.—Till hills near Leavenworth. The two low hills in the middle distance, just 
beyond the town, are remnants of a once more-or-less continuous moraine whose better- 
preserved portion appears in Fig. 9. The moraine belongs to the Leavenworth stage. 


very low eroded areas of till in the town itself, and by two isolated 
till hills just north of the town (Fig. 8). These hillsJare over 200 feet 
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high and show that the moraine of which they are a remnant was 
locally a prominent feature. This prominent portion was probably 
destroyed by the Wenatchee River as it detoured around the glacier 
when the latter pushed across the normal course of the river. Fur- 
thermore, the western lateral moraine was probably never so well 
developed as its eastern twin. The east side of Leavenworth Valley 
received the bulk of the till because the south margin of the glacier 
in Icicle Canyon acquired more debris than the opposite side, judg- 
ing from the relative number of glaciated tributaries, and this same 
margin was on the outside of the curve as the glacier left the canyon 
and turned toward the site of Leavenworth. 

These facts clearly attest the presence of a glacier which followed 
essentially the same route as the ice of the preceding Peshastin stage 
but which was confined in its lower course to Leavenworth Valley, 
never extending to the limits of the previous ice. The outwash from 
this glacier choked the valley of the Wenatchee River, as will be de- 
scribed in subsequent paragraphs. Recession of the ice probably al- 
lowed a lake to form against the terminal moraine, and, indeed, the 
valley floor today consists of almost horizontal sediments; however, 
these sediments, where exposed in cross section, seem as likely to be 
fluviatile as lacustrine. 

The glaciation of Leavenworth Valley and Icicle Canyon was not 
the only occurrence of its kind during the Leavenworth stage in this 
region. The vicinity of Lower Chiwaukum Creek offers evidence of 
particular interest. The deep valley of Chiwaukum Creek bifurcates 
near its mouth, and between the two branches rises a hill known as 
Chiwaukum Butte (see Fig. 9). The creek at present follows the 
north fork of the canyon, while the south fork has been left high and 
dry. In this abandoned fork of the valley, almost concealed in a for- 
est, is a horseshoe terminal moraine with a marsh and small pond 
nestled inside the incompletely breached loop. The abandoned val- 
ley occupied by this moraine lies transversely between Chiwaukum 
Creek and Hatchery Creek and is cut off by them at each end in such 
a manner that only a small segment is left. This valley segment 
being higher than the two creeks which truncate it, the moraine in 
effect occupies a broad saddle. One of the lateral moraines is intact, 
and this well-preserved ridge of till appears as a curving embank- 
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ment over 100 feet high on the inside (pond side) and 20—40 feet high 
on the outside. It extends about ? mile from the terminal moraine, 
reaching the mouth of near-by Battle Canyon. However, Battle 
Canyon does not seem to have been the major source of the ice 
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Fic. 9.—Map showing the Chiwaukum Butte moraine. The moraine (hachured) 
belongs to the Leavenworth stage and has been left ‘‘high and dry”’ by erosion in front 
of it and behind it. The ice came down Chiwaukum Creek, which has since cut 300-400 
feet into bedrock at this point. (Contour interval, 500 feet.) 





which left the moraine, as it lies at right angles to the latter. On the 
other hand, Chiwaukum Canyon, whose walls are oversteepened ex- 
cept near the base, is a logical source for the glacier and is appro- 
priately oriented. In any case, the astonishing fact remains that both 
Battle Creek and Chiwaukum Creek have cut into schist to a depth 
of 300-400 feet below the level of the valley remnant enclosing the 
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moraine. The latter is therefore assigned to the Leavenworth stage 
in view of the deep bedrock dissection since its deposition. The till is 
entirely too fresh to be older than Leavenworth. 
CHARACTER OF THE LEAVENWORTH TILL 
The material composing moraines of the Leavenworth stage dif- 
fers from the Peshastin till in the degree of weathering (Fig. 10). It 


ie a 








Fic. 10.—Comparison of Peshastin and Leavenworth tills. The Peshastin till (/eft 
was photographed in a railroad cut west of Peshastin; the pick rests against a 20-inch 
dark granitic boulder rotten to the center. The Leavenworth till (right) was photo 
graphed at the flume near the Mountain Home road. 


also has a different aspect because much of it occurs in more or less 
intact moraines and has not been covered by later deposits to any 
great extent. In consequence, the surface of Leavenworth till is 
usually very bouldery, the boulders generally comprising 5-75 per 
cent of the surface of the ground. The tabulation recorded in Table 
3 was made just southeast of Leavenworth. 


The constituents of the till near Leavenworth are similar to those 
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of the Peshastin till except for the comparative scarcity of Swauk 
detritus in the former. Granodiorite, schist, gneiss, serpentine, and 
pegmatite are the most abundant rock types, while conglomerate, 
sandstone, and shale occur in minor quantities. The relative 
amounts of coarse and fine materials are about the same as in the 
Peshastin till; but extremely large boulders seem more abundant, 
perhaps because the Leavenworth till may be studied nearer its 
source. Most of the boulders are angular, but, as in the case of the 
Peshastin till, many of the pebbles are rounded. Few striated bould- 














TABLE 3 
APPROXIMATE NUMBER OF BOULDERS IN 1 ACRE 
(43,560 Sq. Fr.) 
APPROXIMATE 
DIAMETER | _— 
(IN FEET) ‘ . | ‘ | 
Granodi- Aplite, Peg- | . , 
: ‘ Serpentine Schist 
orite matite, etc 

I 1,320 | 12 156 36 
2 720 | 60 
3 216 | 
4 168 | 
5 48 | 
6 12 
7 12 
8 12 | 
9 12 
10 12 
Over 10 | 12 | 

| 





‘ 


ers were found, and in some cases the “‘striae’’ may have been pro- 
duced by weathering along incipient cracks. 

Excavations in the Leavenworth till reveal considerable decay. 
Below a depth of 6-8 feet the material is strikingly gray, but above 
this level it is brownish buff. In the brownish zones most grano- 
diorite up to 12 inches in diameter is rotten. Even within the gray 
portion the outer parts of many pebbles and boulders are quite 
friable; in the case of granodiorite the outer §—8 inches are rotten, 
but no granodiorite boulder exceeding 24 inches in diameter is de- 
cayed to the center. 

The till has been covered with stream deposits in some places 
within Leavenworth Valley and seems to have been re-worked by 
running water in other places. Indeed, there are a few occurrences 
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where it is impossible to tell whether one is dealing with till or with 
stratified drift that may have been deposited during the recession of 
the ice. 
THE LEAVENWORTH OUTWASH 

Along the Wenatchee River just below the Leavenworth terminal 
moraine is a terrace composed of gravels corresponding in age to the 
till described in the paragraphs just preceding. The terrace lies be- 
low and between the remnants of Peshastin till and outwash (Figs. 2 





Fic. 11.—Terraces in Wenatchee Valley. The terrace in the left center is believed to 
consist of Leavenworth outwash. The highest terrace on the right is Peshastin till, 
covered to some extent with alluvium, etc. 


and 11) and is 20-40 feet above the river, near Leavenworth. The 
gravels composing this terrace are correlated with the Leavenworth 
till only by means of physiographic relations, since no fresh cuts were 
available to permit a determination of the degree of decay. 
Between Peshastin and Dryden the terrace appears to merge with 
one edge of a broad, convex fan at the mouth of Peshastin Creek, 
this creek having disgorged quantities of gravels which crowded the 
Wenatchee River to the northeast side of its valley, where it remains 
to this day. The valley of Peshastin Creek contains a little glacial 
till several miles upstream from its juncture with the Wenatchee, so 
that it is probable that the fanlike deposits at the juncture are 
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fluvioglacial. Recent excavations in these deposits were examined, 
and almost all the granodiorite pebbles were found to be rotten to the 
center; but, since few of them exceed 1o inches, it was impossible to 
determine what the maximum depth of decay might be. The gravels 
are a fresh gray throughout but are overlain by 3-4 feet of brownish 
silt, and these facts, coupled with the foregoing, strongly suggest the 
Leavenworth stage as the date of deposition. 

Farther down the Wenatchee River most of the various terrace 
materials could not be related to any specific glacial stage. 

THE STUART GLACIAL STAGE 

The writer believes that probably an interval of comparatively 
mild climate followed the Leavenworth stage. Then there ensued 
still another glaciation, which has lingered almost to the present. If 
this had been more extensive, some of the glaciers in the tributaries 
of Icicle Creek would have flowed down the latter to Leavenworth 
along the route followed by the ice of the two earlier stages; but they 
did not extend so far, either because of lack of time or lack of suf- 
ficient cold or humidity. Since vestiges of ice remain around Mount 
Stuart and the work of recent glaciers is to be seen in all the near-by 
rugged country, the latest glacial stage is herewith named the 
“Stuart stage.” 

Some geologists may prefer to interpret the facts presented in the 
following as evidence that the Leavenworth stage persisted almost to 
the present time. According to this view, the ice receded very slowly 
and intermittently, with at least one long halt or partial advance, 
which produced some of the features here ascribed to a third stage. 
Either interpretation is tenable, but in any case a long span of time 
elapsed between the deposition of the till at Leavenworth and the 
final ice erosion of the upper valleys. 

GLACIAL FEATURES OF THE STUART STAGE 

Almost universally, the higher parts of this region bear the marks 
of glaciation. That some of the glacial features are very young is 
proved by the existence of lakes unfilled by sediment, striated bed- 
rock glistening with polish, and at least a few moraines whose situa- 
tion and preservation confirm their youth. 
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Cirques are abundant in the Mount Stuart region, where in many 
cases they have approached one another, back to back, until the 
ridges between have become arétes. They occur at the head of al- 
most every stream that runs into Icicle Canyon from the south. 
Cirques also occur in the country a few miles to the north; and some 
of these, such as the amphitheater occupied by Lake Augusta, con- 
tained Stuart glaciers at one time. No doubt these cirques existed 





Fic. 12.—Stuart Lake, from the west. The lake is in an ice-scoured basin made 
during the Stuart stage. The marshy meadow in the foreground represents a recently 
filled-in lake 


during the Leavenworth stage, but they have subsequently been 
further excavated by ice. 

Lakes occur, incompletely filled by sediment and incompletely 
destroyed by postglacial erosion. Those examined include Chiwau- 
kum Lake, at the head of Chiwaukum Creek; Snow Lakes, near the 
head of Snow Creek; Mesa Lake (Fig. 17), Lake Earle, and Shield 
Lake, near the head of Rat Creek; Stuart Lake (Figs. 12 and 13) and 
Horseshoe Lake, near the head of Mountaineer Creek; and Lake 
Augusta, at the head of Cabin Creek (see map, Fig. 1). Each of 
these lies in an ice-scoured depression, the water being held in by 
low bedrock barriers, but Lake Augusta is the only one of those 
visited which occupies a cirque; the others are all from 3 to 3 miles 
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downstream from the nearest cirque. The implication of recency 
would be stronger if moraines, instead of bedrock, provided the 
lacustrine dams; however, supplementary evidence is consistent 
with the youthful appearance. 

In addition to the several lakes in the region there are many 
swamps and meadows representing former lakes. Sedimentation has 
obliterated numerous lakes in areas of Stuart glaciation, as, for in- 





Fic. 13.—Stuart Lake and perennial snow. Glacial features made during the Stuart 
stage are shown. 
stance, just above Lake Stuart, where a former body of water }-} 
mile long has been completely converted to a somewhat boggy 
meadow (Fig. 12). 

Glacial polish remains on some of the granodiorite bedrock in the 
high cirques and valleys (Fig. 14). It is not extensive or perfectly 
preserved, as a rule; but its mere existence is significant. In a few 
cases the polish is very conspicuous, but more commonly it is less 
readily seen. The removal of a mossy blanket or an erratic from a 
roche moutonnée sometimes reveals a smooth, glistening area. The 
granodiorite, normally gray, is a pale flesh color where polished and 
is pitted because of the weathering-out of ferromagnesian minerals. 
In many cases fine parallel striae are apparent, especially on a mois- 
tened surface. In areas of schist, such as the headwaters of Chi- 
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waukum Creek, quartz veinlets in the bedrock are the only materials 
which preserve a polish. 

Stuart moraines are either difficult to recognize or have commonly 
been destroyed; at any rate, the author has seen few whose identity 
is not doubtful. This is a matter of importance, as a total lack of 
moraines would suggest that the effects here ascribed to the Stuart 
stage were, in reality, produced by the last lingering glaciers of a 
prolonged Leavenworth glaciation; in other words, perhaps only 


two glacial stages are evidenced. 





Fic. 14.—Polished roches moutonnées near Horseshoe Lake, above Stuart Lake 


The most convincing case is that at the mouth of Rat Creek; it is 
described on page 811. In ascending Mountaineer Creek, one comes 
upon a decidedly fresh moraine-like mass (Fig. 15) at the juncture 
with Colchuck Creek; being virtually unbroken, this pile of debris 
caused the formation of a lake, which, however, has silted up to be- 
come a marsh. A moraine of doubtful status was observed in Chi- 
waukum Creek; it may or may not be a terminal moraine. It con- 
sists of jumbled, undecayed, angular blocks, up to 25 feet, of schist 
piled up in transverse fashion across the valley, causing a pond to 
form near the mouth of Glacier Creek. The heap of debris rises 25 
feet above the lakelet, whose outlet has been cut down by this 
amount. Strange to say, a good part of the schist is almost in situ, 
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the bedrock locally having been torn to pieces, which were then 
moved only slightly from their original positions. This mass may be 
a recessional moraine; if not, it probably marks the termination of 
the Stuart Glacier that occupied Chiwaukum Canyon. 





Fic. 15.—Side view of moraine-like mass (foreground) at mouth of Colchuck Creek. 
his debris, which blocks Mountaineer Creek and once formed a lake, is considered by 
the writer to be either a terminal moraine or a recessional moraine of the Stuart stage. 


Another moraine, possibly of Stuart age, is to be seen in Tum- 
water Canyon. In a sense it is a trespasser, as apparently no glacier 
has occupied Tumwater; the ice came down a precipitous tributary 
north of Fall Creek. This tributary, just at the point of descending 
into Tumwater, seems to have been recently glaciated; but the low- 
ermost few thousand feet are free of fresh glacial features except for 
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the doubtful moraine. The moraine contains blocks, up to 25 feet, of 
schist and granite dikes. The granitic material is remarkably free 
from decay, and the moraine and underlying bedrock have been cut 
into only about 30 feet by the Wenatchee River, which is swift and 
powerful at this point. 

The Stuart till in some cases does not seem distinctly different 
from that of the Leavenworth stage if the two are compared without 
benefit of excavation. In other instances it looks very much fresher 
than the older material. Fortunately, at Snow Lake several shallow 
pits had been dug just prior to the author’s arrival, and these pits 
revealed the Stuart till in a state of preservation quite different from 
that of the Leavenworth till. Discoloration extends exactly 2} feet 
below the surface in one pit and 2 feet in another. Beneath the 
brownish discolored zone the till, which is very fine in the pits, is 
mostly a fresh gray. Small 3-inch fragments of granodiorite are per- 
fectly fresh, while the silt and sand phases of the deposit include 
particles of clear feldspar and glistening hornblendes and biotite. 
No striae occurred on any of the few boulders in these excavations, 
but elsewhere a very few beautifully polished and striated boulders 
were discovered. 

Observations in areas of Stuart glaciation provided the following 
additional miscellaneous facts. In most cases the various valley walls 
do not look any more freshly glaciated than those which were 
scoured only by the Leavenworth glaciers; talus cones 300~400 feet 
high are commonplace and tend to subdue the otherwise striking 
steepness. Mechanical weathering of valley walls has operated so 
vigorously that there is little difference in this respect between val- 
leys of Stuart glaciers and those of the Leavenworth glaciers. Even 
erratics of the two stages may look exactly the same, although the 
finding of an occasional boulder resting upon bedrock with no 
detritus at the contact between the two is a criterion for Stuart 
erratics. Again, roches moulonnées of the two stages may resemble 
one another closely. The presence of polish on a roche moutonnée is 
a criterion, but the absence of polish is not. In regions of Stuart 
glaciation weathering has locally caused aplite veins to project an 
inch or so from granodiorite bedrock, and the rock therefore does 
not seem to have been recently glaciated. In regard to erosion of 
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glaciated bedrock by axial streams, it was found that the latter have 
cut down very different amounts from place to place since the ice 
receded. Channels in some situations have been deepened more since 
Stuart glaciation than other channels have been deepened since 
Leavenworth time; so this possible criterion was of uncertain value. 
It is believed that in the case of the steeper canyons considerable 
subglacial erosion by running water may have occurred, as sug- 
gested by Sharp in his paper on the Ruby Mountains in Nevada.' 
RAT CREEK 

It is felt that many of the arguments for and against the existence 
of the Stuart glacial stage rest upon evidence available in and about 
the valley of Rat Creek, a small and very precipitous tributary of 
Icicle Creek (Figs. 1 and 16). 

The geologist may see results of the Peshastin and Leavenworth 
glaciation near the town of Leavenworth and conclude from obvious 
considerations that the glaciers of both stages emerged from Icicle 
Canyon. It is natural, then, that the search for more recent stages 
should lead to Icicle Canyon. But there is no convincing evidence 
that a more recent glacier ever reached the mouth of the canyon. 
Although the latter contains some fresh-appearing roches moulonnées, 
all traces of polish are gone, the stream is entrenched about 30 feet 
in solid granodiorite, and the mouth of the valley is only U-shaped 
in so far as it is reconstructed in one’s imagination. Also, some well- 
decayed talus material or till has been disclosed by recent road con- 
struction, and this would surely have been swept away if post- 
Leavenworth ice had poured out of the mouth of the valley. 

Proceeding up Icicle Creek, one encounters the first post-Leaven- 
worth glacial feature about 4 miles up the canyon. Here is a terminal 
moraine at the mouth of Rat Creek (Fig. 2). It is practically a per- 
fect horseshoe, extending almost entirely across the width of Icicle 
Canyon and thereby crowding Icicle Creek to the north side of the 
valley. Notwithstanding the obvious inconvenience to the deflected 
stream, the latter has not yet defaced the moraine. Moreover, it is 
reasoned that the moraine must have arrived after the retreat of the 
Leavenworth glacier, or it would surely have been swept out of the 


«R. P. Sharp, “Pleistocene Glaciation in the Ruby-East Humboldt Range, North- 
eastern Nevada,’’ Jour. Geomor ph., Vol. I (1938), p. 316. 
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valley. Even the meltwater from a rather large receding glacier 
probably would have removed it; so it probably was not present 
during the dwindling of the Leavenworth ice in Icicle Canyon. The 
moraine, then, seems to represent a distinct stage of glaciation—the 
Stuart stage. 

The moraine is a complete U in plan, enclosing a small marsh. 
Although the front portion is only 25-50 feet high, the sides are 
about 100 feet high, and one side rises steeply 500-600 feet as it 
approaches the mouth of Rat Creek. The surface is very bouldery 





Fic. 16.—View across Icicle Canyon toward Rat Creek and FEightmile Creek. 
Rat Creek follows the steep trough just to the left of the center, while Eightmile Creek 


is in the large canyon (right) opening out near the lower center. 


but looks almost exactly the same as parts of the Leavenworth 
moraines. All the material is granodiorite debris, some 30-foot 
boulders being included. The base of the moraine is today about 
1,400 feet above sea-level, as compared with an elevation of 1,085 
feet for the lowest terminal moraine of the preceding stage and 
1,025 feet for the Peshastin till. This is a remarkably narrow range in 
altitude. 

In ascending Rat Creek, which drops 1,760 feet per mile (see Fig. 
16), one immediately notes a paradoxical absence of the fresh glacial 
features he expected to see. The stream cascades within a deep, nar 




















MULTIPLE ALPINE GLACIATION 813 


row channel, and the valley sides slope inward to meet this channel. 
However, about }{ mile (air line) from Icicle Canyon remnants of a 
smooth, steep, glaciated valley floor begin to appear; and the former 
U shape of the valley may be reconstructed by imagining that no 
talus cones exist. Even so, the tiny stream may have cut down 30-50 
feet in granodiorite since the Stuart glaciation. This is perhaps ac- 
counted for by the steep gradient and the cutting tools afforded by 
talus material; also, the stream was doubtless larger during the 
melting of the glaciers. The evidence of marked erosion in the lower 
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ATL tae 


Fic. 17.—Mesa Lake, at the head of Rat Creek. The lake occupies an ice-scoured 
basin made during the Stuart stage 


part of Rat Creek strongly suggests that indications of Stuart glacia- 
tion may have been completely obliterated in many other steep 
canyons of the region. 

Continuing up this same creek, the investigator climbs beside a 
series of extremely steep rapids and falls until he arrives at a high, 
elongated basin in a lofty, mature land 6,500-7,000 feet above sea- 
level. Here a small brook flows quietly on a gentle gradient, and 
here the marks of recent glaciation are to be seen in every direction; a 
chain of lakes (Fig. 17) is bordered by fresh, smoothed granodiorite 
with local remnants of polish and striae and abundant bare roches 
moutonneées. 
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In summary, then, the course of Rat Creek bears unmistakable 
evidences of very recent glaciation at both the upper and lower ends, 
but nearly all such indications are missing in between. The phys- 
iography of other near-by canyons is similar in every respect except 
that terminal moraines are missing; and, partly for this reason, only 
the upper portions seem to have been very recently glaciated. This 
condition makes it impossible to determine the extent of most of 
the Stuart glaciers, but in view of the destruction of recent glacial 
topography in Rat Creek it does not invalidate the Stuart stage as a 
more or less separate and distinct unit. 


FLUVIOGLACIAL MATERIAL OF STUART AGE 

Some of the less steep canyons in the area of investigation retain 
outwash material, presumably, which may belong to the Stuart 
stage; but such deposits were not found adjacent to the correspond- 
ing moraines, and they were not sufficiently exposed in cross section 
to afford detailed information. 

A part of Leavenworth Valley near Icicle Canyon is floored with 
sediments of probable Stuart age. Icicle Creek has cut into these 
deposits to a depth of 20 feet in places, but the material slumps so 
readily that the strata are poorly shown. Sand is apparently the 
most abundant sediment, the grains being reasonably fresh. Pebbles 
are numerous, but boulders are not; both of these constituents are 
undecayed for the most part, granodiorite being weathered to a 
depth of about § inch or less. These deposits are possibly Stuart 
drift because they obviously came from Icicle Canyon, which con- 
tains, 4 miles upstream, the Rat Creek moraine. They are not very 
old, as they are practically unweathered; they are not extremely 
recent, because they exist as broad terraces 12-20 feet above the 
stream that deposited them. 


EARLIER WORK 
The Leavenworth area was visited by Russell before 1g00.? Rus- 
sell observed the huge lateral moraine in Leavenworth Valley, ver- 
bally reconstructed the glacier in Icicle Canyon, and noted an amaz- 
21. C. Russell, ‘Preliminary Paper on the Geology of the Cascade Mountains in 


Northern Washington,” U.S. Geol. Surv. 20th Ann. Rept., Vol. IL (1900). Glaciation is 
discussed on pp. 150-73. 
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ing number of related facts during the short time at his disposal. 
He did not know whether there had been multiple glaciation or not, 
although he apparently suspected that this would someday be dis- 
covered. George Otis Smith’ and Bailey Willis were likewise im- 
pressed by the glacial scenery. Willis called attention to the pos- 
sibility of multiple glaciation, saying that a detailed study of We- 
natchee Valley might throw light on the problem of two glacial 
epochs. He had already mapped tills of two ages in the Puget Sound 
region,’ which had been occupied by glaciers of the continental type. 

ACKNOWLEDGMENTS.—As far as I know, A. C. Waters and Eliot Blackwelder 
of Stanford University were the first to recognize the records of two or more 
glaciations along the Wenatchee River. Several years ago they observed the 
moraines near Leavenworth and the ancient till near Peshastin, a discovery 
which was generously divulged to the writer before this investigation was begun. 
I am deeply grateful to them for immeasureable assistance received both directly 
and indirectly. Dr. Waters suggested this study to the author, accompanied 
him in the field on several occasions, and critically read the manuscript. 

“Geology and Physiography of Central Washington,” U.S. Geol. Surv. Prof. 
Paper 19 (1903), pp. 9-39. 

‘“*Physiography and Deformation of the Wenatchee-Chelan District, Cascade 
Range,” U.S. Geol. Surv. Prof. Paper 19 (1903), pp. 43-101. 


5’ Bailey Willis and G. O. Smith, Tacoma Folio, U.S. Geol. Surv. Atlas No. 54 (1899). 




















STRUCTURAL GEOLOGY OF THE TRAIL CREEK 
CANYON MOUNTAIN AREA, MONTANA 


D. C. SKEELS 
Princeton University 
ABSTRACT 


This area, lying between the northwest corner of the Beartooth uplift and the 
southern extremity of the Bridger Range in southern Montana, comprises an arcuate 
belt of overthrusts and asymmetrical anticlines, arranged en echelon. In its eastern and 
central parts, the thrust planes dip northward, as they do in the adjacent portion of the 

3eartooth uplift, and the anticlines are asymmetrical toward the south and southwest; 

while in the western part of the area and in the adjacent Bridger Range the thrust 
planes dip to the west. The trends and direction of movement in the anticlines and over 
thrusts are believed to have been controlled by the larger uplifts of the Beartooth and 
Bridger ranges, the Laramide forces having been locally resolved into components nor 
mal to the trends of the ranges 

In the eastern part of the area mapped there is evidence that the overthrusting was 
preceded by a period of folding and erosion and that the extensive thrusts there are 
“erosional thrusts,” in the sense that they moved across an erosion surface. The Trail 
Creek coal field is shown to be a syncline with its north limb overturned beneath the 
Trail Creek thrust, and the hypothesis of an earlier report (that the coal field occupies a 
“fault block”’) is hereby rejected 


INTRODUCTION 

Between the northeast corner of the Beartooth uplift, near Liv 
ingston, Montana, and the southern extremity of the Bridger Range, 
near Bozeman, Montana, lies a belt of foothills, which is structurally 
interesting because (1) it is in the zone where the Middle Rockies 
and the Northern Rockies meet; (2) overthrusting and overturning 
have taken place in two directions; and (3) the trends of the folds 
and overthrusts show that their development was controlled by the 
larger uplifts of the Beartooth and Bridger ranges. 

A detailed study of the structures of the Trail Creek-Canyon 
Mountain area was undertaken by the writer after a preliminary 
investigation by Professors Bucher, Thom, and Chamberlin’ had 
revealed extensive overthrusting in the region, and it was carried out 
as a Princeton Ph.D. thesis study and as a student research prob 
lem, contributory to the main scientific objectives of the Yellow 
stone-Beartooth-Bighorn research project. The main purpose of the 

W.H. Bucher, W. T. Thom, Jr., and R. T. Chamberlin, “Geologic Problems of the 


Jeartooth-Bighorn Region,” Bull. Geol. Soc. Amer., Vol. XLV (1934), p. 173 
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TABLE 1 
Quaternary: oy 
Recent alluvium in the larger valleys. . . 
Pediment gravels. . ee 
Miocene (possibly some Oligocene and Pliocene also): 
Bozeman lake beds. Conglomerates, sandstones, and 
clays in the Gallatin Valley . I,200 
Pre-Miocene: 
Volcanics. Agglomerates, tuffs, and flows, south of 
map area 
Cretaceous: 
Livingston formation. Sandstones, conglomerates, and 
clays, largely pyroclastic 5,000+ 
Eagle formation. Sandstones and shales, with coal; 
massive white sandstone (Virgelle) I ,000 
Telegraph Creek (?) formation. Sandy shales and 
fissile sandstones, poorly exposed 350 
Upper Colorado beds. Fossiliferous sandstones, olive 
green; sandy shales, olive-green I ,000 
Lower Colorado beds I, 200 
Yellow sandstone, poorly cemented | Frontier for 
Blue-gray shale, silicified mation 
Conglomeratic sandstone (355 ft.) 
Shales and fissile sandstones, poorly exposed 
Cloverly formation. Yellow sandstone, cross-bedded 
Variegated shales and mudstones. Conglomeratic 
sandstone 150 
Jurassic: 
Morrison formation. Shales, sandstone, and argil 
laceous limestone 400 
Ellis formation. Cross-bedded brown sandstone, with 
shell fragments; argillaceous limestones and shales; 
fossiliferous 550 
Pennsylvanian: 
lensleep formation. Buff quartzite and quartzitic 
sandstone 150 
Amsden formation. Limestone, sandstone, and purple 
shales 150 
Mississippian: 
Madison limestone. Blue-gray, coarsely crystalline 
limestone; buff limestones with cherts; fine-grained 
brown limestone. Measured in canyon south of Liv 
ingston; this figure is probably too high, owing to 
minor thrusting at this locality... 1,650 
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TABLE 1—Continued 


Thickness 


Devonian: in Feet 
Three Forks (?) formation. Yellow and purple shales. 50 
Jefferson (?) limestone. Very fine-grained dark-brown 

limestones 170 


Ordovician: 
Bighorn limestone. Sandy limestone, thinly bedded; 
massive mottled dolomite 250 
Cambrian: 
Upper Cambrian beds. Shale, shaly limestone, and 
flat-pebble conglomerate; mottled odlitic limestone 
(Pilgrim) 400 
Middle Cambrian shales. Greenish shales, thinly 
bedded limestone, and flat-pebble conglomerate, 
weathering yellow 450 
Flathead sandstone. Yellow-brown sandstone, and red 
and white quartzite ig 100 
Pre-Cambrian: 
Granite gneiss and hornblende schist 
investigation was the accurate determination of the nature and in- 
terrelationships of the structural features of the area and their rela- 
tion to the larger structures of the Beartooth and Bridger ranges. 
To this end the author spent a total of twenty-three weeks in the 
field, during the summers of 1933, 1934, and 1935. About two-thirds 
of the area was mapped by plane-table, and the rest by pace-and- 


compass survey, with section corners for control. 


STRATIGRAPHY 

The stratigraphic column in the Trail Creek-Canyon Mountain 
area includes rocks that range in age from pre-Cambrian to Recent. 
There are, however, numerous gaps in the sequence; no rocks of 
Silurian, Permian, or Triassic age are present; and the Tertiary is 
represented only by lake beds (probably Miocene) in the neighbor 
hood of Bozeman and by volcanic rocks south of Trail Creek, the 
exact age of which is uncertain. 

The Paleozoic rocks of the area have a total thickness of about 
3,370 feet and consist chiefly of limestones, with a few important 
units of shale. The Mesozoics, excluding the Livingston formation, 
consist of 5,500 feet of sandstones and shales, of which about 3,500 


feet are marine and 2,000 feet terrestrial. The Livingston formation 
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alone is probably more than 5,000 feet thick’ and consists chiefly of 
water-laid andesitic material. The Livingston is the youngest forma- 
tion in the area, except for postorogenic lake beds, volcanics, gravels, 
and alluvium. The formations recognized, their thicknesses, and 
their general lithologic character are listed in Table 1. 


STRUCTURE 
REGIONAL SETTING 
Figure 1 shows the main tectonic features of the region of which 
the Trail Creek-Canyon Mountain area forms a part, and serves 
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Fic. 1.—Regional tectonic sketch map showing structural setting of the Livingston 
area, Montana. This map was compiled from the Livingston and Three Forks folios 
of the U.S. Geological Survey and from manuscript maps of the Yellowstone-Beartooth 
Bighorn project 


both to locate the area and to show the relation of its structures to 
those of adjacent areas. 

The largest single feature of the region is the Beartooth uplift, 
which, because of its structure and trend, is grouped with the Mid 
dle Rockies, of which it forms the northernmost element. The up- 
lift is bounded by inward-dipping thrust planes on the southwest, 


?R. W. Stone and W. R. Calvert, “Stratigraphic Relations of the Livingston Forma 
tion of Montana,” con. Geol., Vol. V (1910), P- 553 
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east, and northeast. West of the Stillwater River on the northern 
flank of the Beartooths, however, the direction of thrusting changes, 
and the thrust planes dip away from the uplift. The Trail Creek 

Canyon Mountain area is a continuation of this zone of (relative) 
southward thrusting beyond the western extremity of the uplift. 
The uplift is bounded on the west by either a fault or a steep mono- 
cline or by both. Scattered outcrops of Paleozoic rocks occur in the 
Yellowstone Valley at 5,000 feet and less, while pre-Cambrian rocks 
rise abruptly to 10,000 feet just east of the valley. Dr. E. C. H. 
Lammers’ has found evidence that this western boundary of the 
uplift is marked at least in part by a normal fault, in the area just 
east of the Trail Creek—-Canyon Mountain area. In Figure 1 this 
fault has been projected as a broken line for some distance south- 
ward. As will be explained later, there is good reason to believe that 
uplift along this fault controlled development of the structure there. 

The present-day Bridger Range, which trends north from the 
vicinity of Bozeman, is apparently only the eastern flank of a much 
larger uplift, whose axis must have been somewhere in the present 
Gallatin Valley. The triangle south of Bozeman is undoubtedly the 
plunging end of this uplift. 

Southwest of Bozeman three faults are shown which trend in the 
same general direction as the Beartooth uplift. The Three Forks 
folio, from which this part of the map was drawn, is not clear as to 
the nature of the faults; but the apparent continuity of the southern 
one with the Gardiner thrust suggests that this one, at least, may be 
of the reverse type. 

The structural trends shown in Figure 1 are nearly all west- 
northwest. The Bridger Range, however, introduces a north-south 
trend, which is more nearly parallel to the general trend of the 
Northern Rockies; for that reason the Bridger Range might be con- 
sidered an outlying member of that division. It is interesting to note, 
in this connection, that rocks of the Belt system make their ap- 
pearance in the northern part of the Bridger Range and occur 
throughout the Northern Rockies but are absent from the eastern 
part of the Middle Rockies. 

“The Structural Geology of the Livingston Park Area, Montana,” Jour. Geol.. 
Vol. XLV (1937), pp. 268-95 
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THE TRAIL CREEK-CANYON MOUNTAIN AREA 

A glance at the areal map (Fig. 2) and cross sections (Fig. 3) will 
serve to reveal the broader structural features of the area. It will be 
noticed that the anticlines and overthrusts are arranged en echelon 
to form a somewhat arcuate belt or strip. In the eastern part of the 
area the tectonic elements trend nearly east and west; but as they 
are traced westward, the trends change to northwest-southeast, 
while in the southern part of the Bridger Range the trends are 
slightly east of north and west of south. The eastern part of the area 
is featured by extensive overthrusts, in which the relative movement 
of the overriding block was toward the south and southwest, so that 
the thrust planes dip to the north and northeast. The thrusts die 
out toward the west, only to be replaced by eastward thrusting, 
along north-south trending lines, at the western edge of the area. 
Here the southern portion of the Bridger Range was included in the 
area investigated, in order to show the relations of its structures to 
those in the area to the southeast. 

From this brief description, it is apparent that the structures in 
the eastern part of the area are similar in trend and direction of 
(relative) movement to those along the adjacent northern front of 
the Beartooth uplift, while the structures in the western part of the 
area are more closely related to those of the adjacent Bridger Range. 
Thus the Trail Creek—Canyon Mountain area exhibits a transition 
between these two major structures. 

CANYON MOUNTAIN STRUCTURES 

The most complex structures of the area are in the eastern part, in 
and south of Canyon Mountain, just west of the Yellowstone River. 
The mountain is an anticline, overturned in its eastern part and over- 
thrust toward the south and southwest. The pre-Cambrian core is 
exposed on the south flank of the mountain, just north of Bullis 
Creek. The thrust below the overturned fold is here termed the 
“Canyon thrust.” Toward the west the Canyon thrust passes into a 
high-angle, or perhaps a vertical, fault and dies out; the foot of the 
mountain is here formed by the North Rim thrust. (The names of 
the various thrusts in this part of the area are given in Fig. 4.) 
South of the Canyon thrust at the eastern end of the area, a thin 
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plate of Cambrian, and in places Ordovician, rocks is seen to rest on 
formations of various ages, from Mississippian to Cretaceous, from 
which it is separated by the Bullis thrust. The rocks on which the 
Bullis thrust plate rests belong, in turn, to another thrust sheet, 
which is here termed the “Strickland thrust.” Three small klippen 





Fic. 4.—Nomenclature of thrusts near Canyon Mountain 


vot Madison limestone, resting on the Jurassic near Strickland Creek 
are interpreted as erosional remnants of the Strickland thrust. 

The relations of these various thrust sheets, as observed at the 
surface, and the subsurface interpretations are shown in Figure 5 
and in section A—A’ of Figure 3. In Figure 3 it will be noted that the 
pre-Cambrian basement is shown less acutely folded than the over- 
lying formations, with the exception of the basal Flathead quartzite. 





Immediately above the latter formation are the Middle Cambrian 
shales, 450 feet in thickness. It is the author’s belief that during the 
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process of deformation considerable movement must have taken 
place within these shales, causing them to thicken over the anticlines 
and to thin in the synclinal areas. The exact conformation of the 
basement is therefore unknown, and its structure may be more or 
less similar to that of the overlying formations than is shown in 
Figure 3. 

It will be noted that in both the Bullis thrust plate and the Strick- 
land thrust plate the bedding corresponds very nearly to the thrust 
plane, where it can be observed at the surface. It is therefore be- 
lieved that in both cases the upper part of the thrust originated by 
the shearing of competent limestones over beds of incompetent ma- 
terial below them. The Strickland thrust involves the competent 
Madison limestone, which is underlain by a zone of shales, about 50 
feet thick, here tentatively assigned to the Three Forks formation. 
The Bullis thrust sheet is composed mostly of the competent Pil- 
grim limestone, which, in the normal section, is underlain by the 
Middle Cambrian shales, 450 feet in thickness. 

The Strickland thrust and the Bullis thrust have another feature 
in common. As can be readily seen from the map or from section 
A-A’ of Figure 3, the flat upper portion of each thrust plate rests on 
successively older formations to the south, away from its roots. It is 
difficult to see how such a surface, cutting downward in the section, 
could result from shearing at depth. Mechanical considerations show 
that, except in very massive beds or in a subsidiary thrust below a 
major thrust sheet, a thrust plane should either follow the bedding or 
cut upward in the section as traced outward from its origin at depth. 
For this reason the writer believes that both the Strickland and the 
Bullis thrust plates, where exposed, rest on a surface that was pre- 
pared by erosion before thrusting occurred. This would explain both 
the transgression from younger to older beds and the near-horizon- 
tality of the outer portion of the thrust sheet. 

Following this hypothesis, the writer has attempted in Figure 6 to 
reconstruct the conditions before thrusting and the ‘movements 
which led to the present relations. In each stage the dotted line indi- 
cates the position of development of the next thrust. Stage I shows 
the hypothetical condition before thrusting, with two anticlines 
truncated by erosion. A shear, propagated from the pre-Cambrian 
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through the Middle Cambrian shales to the surface at the crest of 
the northern anticline, becomes the Bullis thrust and gives rise to 
the condition in Stage II. A second shear, propagated along the 
shales below the Madison formation, cuts through that formation 
where it has been weakened by flexure and erosion, and reaches the 
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Fic. ¢ Structural cross sections showing successive stages in thrusting in the 

eastern part of the Canyon Mountain area 


surface. Movement on this plane produces the relations seen in the 
Strickland thrust. A third thrust plane branches upward from the 
Bullis thrust, and movement on this plane produces the overturning 
seen in the Canyon thrust mass where it rests on the Cambrian of 
the Bullis thrust. In Stage IV further compression has folded the 


thrust planes, and erosion has produced the present topography. 
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An embayment in the Bullis thrust sheet exposes a broad anticline 
of Cretaceous rocks, which may be seen along the road just south of 
Canyon Mountain (see Fig. 5). A half-mile west of here a window is 
eroded in the thrust sheet, exposing Madison limestone. A small 
window west of this exposes the purple shales of the Cloverly forma- 
tion. Another half-mile west the Bullis thrust ends, apparently pass- 
ing into or beneath the Canyon thrust. 

The western limit of the Strickland fault is somewhat uncertain, 
owing to lack of exposures; but there is evidence to suggest that it is 
in reality continuous with the North Rim thrust. The anticlinal axis 
shown at the western extremity of Canyon Mountain passes oblique- 
ly across the thrust plane and disappears; i.e., south of here erosion 
has removed the anticlinal front of the thrust. If projected to the 
southeast, however, this axis passes between the two eastern klippen 
on Strickland Creek. Of these, the southern one dips 30° to the 
southwest, while the northern one dips 10° to the northeast. This 
may be coincidence, but the temptation is strong to conclude that 
this projected line is the former anticlinal front of one overthrust 
sheet of Madison limestone and that the Strickland thrust and the 
North Rim thrust are separated merely by erosion. Figure 4 shows 
the present outcrop and the postulated former extent of this thrust. 

The North Rim thrust rests on an overturned section of Jurassic 
and Cloverly, which has been thrust slightly southward after being 
overturned. Thus it forms a subsidiary thrust below the main one. 
This feature is illustrated in section B-B’ of Figure 3. 

PINE MOUNTAIN AND THE TRAIL CREEK THRUST 

In the central part of the area occurs the long asymmetrical uplift 
of which Center Hill, Pine Mountain, and “the Hogback”’ are com 
ponents. For most of its length of 13 miles this uplift is featured by 
gentle dips on the northeastern limb and by steep, often nearly 
vertical, dips on the southwestern limb. For about two-thirds of the 
distance the steep limb is thrust over the overturned limb of the 
Trail Creek syncline. The structure of various parts of the uplift is 
shown in sections A, B, C, and D of Figure 3. 

In no place can the actual thrust plane be seen or its dip measured. 


Its presence is clearly demonstrated, however, by the outcrops on 
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the south flank of the uplift, north of Trail Creek. Figure 7 is a 
sketch showing field relations as they are actually seen along section 
C-C’. In the banks of the creek can be seen occasional outcrops of 
the soft shales of the Eagle formation, and a few prospect holes re- 
veal the position of the coal measures. A short distance uphill the 
silvery gray Virgelle sandstone, the basal member of the Eagle for- 
mation, crops out, dipping 65° to the northeast. Above this, scat- 
tered outcrops of the greenish-gray Upper Colorado sandy shale are 
seen, and still higher on the hillside the sandstones and peculiar 
siliceous shales of the Frontier formation are found, dipping 55° to 
the northeast. Above this occur three very prominent ledges, the 


| = 











[ 1 
| | 
| | | 
x NE NVERTE 
SW > E Beos 
> ‘ | 
4 = ag | 
a - Min | > | 
ovr 2 
7 « rack > 73 E 
+ © _””™ <n - 
| 








Fic. 7.—Structural section across the Fic. 8.—Structural section showing angle 
Trail Creek uplift of thrust plane cutting the Trail Creek 
uplift. 


lower formed by the upper member of the Cloverly, the next by the 
lower (conglomeratic) member, and the highest by the fossiliferous 
sandstone of the upper Ellis, dipping 45° to the northeast. A short 
distance above this outcrop the Tensleep formation forms a steep 
wall dipping 70° to the southwest; above this occur the Amsden and 
Madison, in that order, with the same dip. Thus, the dip changes by 
65° between the outcrop of the Ellis sandstone and that of the Ten 
sleep formation. The exposures are good, and the character of the 
beds distinctive enough so that there can be no question as to the 
field relations. All the beds from the creek up to the Tensleep out 
crop are inverted, and the dips decrease as we go uphill (southeast 
ward), until the Tensleep formation is encountered, where a sudden 
change occurs. There is only one plausible interpretation of these 


relations; the steep flank of the Pine Mountain structure has been 














TRAIL CREEK-CANYON MOUNTAIN AREA, MONTANA 831 


ruptured and thrust to the south, overturning the limb of the 
adjacent syncline. 

Some idea of the dip of the thrust plane can be obtained from the 
beds above and below it. The plane must be at least as steep as the 
beds on the gentler flank of the ruptured anticline, otherwise that 
limb would be cut off from its roots and be unable to transmit the 
stress. On the other hand, it seems clear that it cannot be steeper 
than the overturned beds below it. Hence, in Figure 8, A~B and 
A-E are impossible positions, while any position between A—C and 
A-D is possible. A—F is drawn midway between these two positions. 

The amount of displacement on the Trail Creek thrust is prob- 
ably not great. Assuming a structure below the surface like that in 
section B—B’ of Figure 2, the maximum displacement is 0.7 miles and 
occurs just west of that section where the Tensleep rests on the 
Lower Colorado. 

The writer has described the field evidence for the Trail Creek 
structure in some detail, because W. R. Calvert, in reporting on 
the coal of the Trail Creek field, gave a different interpretation of 
its structure. To quote: 

Still farther to the southwest two anticlines bring up Paleozoic rocks, and 
between them a narrow band of Cretaceous strata is enclosed, in which occurs 
the coal of the Trail Creek field, and the syncline is broken by a fault block 
The fault bounding the block on the east is very evident, as the dark shale of the 
Colorado, dipping 45° to the east, is in contact with nearly vertical beds of the 
upper part of the Kootenai. The western limit of the fault block was not ascer- 
tained anywhere with definiteness, and its location on the map is merely ap 
proximate. That a fault is present, however, is clear. From the crest of the 
anticline west of Meadow Creek, the rocks dip eastward consistently although 
at various angles. The Kootenai formation gives place to Colorado shale, and 
this in turn to the soft sandstone and sandy shale constituting the coal measures. 
Farther east, the Colorado shale, with its characteristic fossils and lithologic 
appearance, is met again, still dipping to the east. Between the coal measures 
and the Colorado, therefore, is the fault marking the western limit of the fault 
block to which reference has been made. In the lack of adequate exposures dif 
ferentiation between the coal measures and the Colorado is not always possible 
unless fossils can be found, for although the lithology may be quite different in 
general, the details are often similar. Because of this fact, there is, as has been 
said, uncertainty regarding the location of the western fault. 

4“’The Livingston and Trail Creek Coal Fields, Park, Gallatin, and Sweetgrass 
Counties, Montana,” U.S. Geol. Surv. Bull. 471 (1910), pp. 384-401. 
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The locality he described is undoubtedly in the neighborhood of 
Hoffman, about a mile west of section C—C’. His eastern fault is 
really the thrust fault of that section. Failing to recognize that the 
beds north of Trail Creek are all inverted, he had to postulate a 
second fault to explain the presence of the Colorado above the 
Eagle, on the north side of the creek. Figure 9 is the writer’s under- 
standing of Calvert’s interpretation. 

















Fic. 9.—Structural section of the Trail Creek area as inferred from publication by 
W.R. Calvert 


At the locality described by Calvert the evidence for inversion is not 
so striking as in section C-C’”, since the section below the thrust plane 
is not nearly so complete. Even here, however, two key beds crop 
out, and their recognition gives the clue to the structure. The lower 
of these is the fossiliferous green sandy shale that marks the upper 
part of the Upper Colorado, while some distance higher outcrops of 
the Frontier formation occur. 

CHESTNUT MOUNTAIN AND VICINITY 

West of Meadow Creek are three anticlines, each with a general 
northwest-southeast trend. The largest of these forms the ridge des- 
ignated on the map as “Chestnut Mountain” and will be called the 
“Chestnut anticline.”’ It is flanked on the northeast by the smaller 
Goose Creek anticline and on the southwest by the Bear Creek 
anticline. 

The Goose Creek anticline emerges from the cover of gravels that 
surrounds the volcanic area about 4 mile west of Hoffman and rises 
to a structural high along Goose Creek, where the Ellis formation is 
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exposed in the crest. From there the axis curves around to the north 
and finally to the northeast, plunging rapidly. 

The Chestnut anticline is a sharp-crested, asymmetrical uplift 
that maintains a nearly uniform height for about 4 miles. For most 
of this length the western limb is nearly vertical and in a few places 
slightly overturned, while the eastern limb averages about 45° in dip. 





Fic. 1o.—South wall of Rocky Canyon showing isoclinal fold on the crest of Chest 
nut anticline. 


In Rocky Canyon, however, at the extreme northern end of the 
uplift, the direction of asymmetry is reversed, and the eastern limb 
is overturned by 5°, while the western limb dips only 45°. In connec- 
tion with this reversal of the direction of asymmetry, it is interesting 
to note the occurrence of eastward thrusting just west of here. 

On the south wall of Rocky Canyon the Chestnut anticline reveals 
a peculiar isoclinal fold in its crest, which does not extend to the beds 
in the lower part of the fold. This feature is illustrated in Figure tro. 
The beds in the Amsden and the upper part of the Madison are seen 
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to rise in a vertical isoclinal fold in the upper part of the picture, 
while those exposed in the lower part are nearly flat (actually dip- 
ping slightly toward the spectator). This structure must have de- 
veloped by gliding of the upper beds over the lower ones, along a 
shaly zone in the Madison formation. The development of the 
“keel’”’ must have occurred while the sides of the main anticline 
were less steep than at present in order for tangential compression 
to be expressed in upward movement in this manner. 

The isoclinal fold in the crest does not extend to the other side of 
the Canyon, where the structure is simply that of a broad, nearly 
flat-topped arch with steep flanks, the eastern flank being slightly 





overturned, as noted above. Figure 11 is a view of the eastern half 
of this arch, taken from the opposite wall of the canyon. 

The Bear Creek anticline, southwest of Chestnut Mountain, is 
strongly asymmetrical, with dips as low as 1o° on the eastern flank 
and as high as 75° on the western. The structure apparently con- 
tinues for some distance south of the map area, although time did 
not permit the author to investigate this region. 

Only a short distance northwest of the Bear Creek anticline is a 
crescent-shaped outcrop of Madison limestone, whose presence can 
be explained only by postulating an overthrust movement toward 
the east. Below the Madison occur rocks of Lower Colorado age 
which lie athwart the strike of the Eagle and Upper Colorado rocks 
north of the East Gallatin River. It appears, therefore, that the Low- 
er Colorado rocks south of the river have been pushed up and east- 
ward along a subsidiary overthrust beneath the main block of Madi- 
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son limestone. This interpretation is illustrated in section F—F’ of 
Figure 3. 

The remarkable thing about these thrusts is their proximity to 
the Bear Creek anticline. The latter is asymmetrical toward the 
southwest, whereas the thrusts just referred to are evidence of east- 
ward movement. It seems probable that these thrusts are either re- 
lated to those in the Bridger Range or are a direct continuation of 
them. Unfortunately, a large area between here and the Bridger 
Range is occupied by the Tertiary Bozeman lake beds, so that the 
nature of the connection must remain a matter for conjecture. 


THE BRIDGER RANGE 

Earlier reports have pictured the Bridger Range of Montana (not 
to be confused with the range of the same name in Wyoming) as 
comprising a series of vertically upturned Paleozoic and Mesozoic 
beds. A preliminary investigation convinced the writer that its 
structure was more complex than that, and induced him to spend 
several days during the summer of 1935 mapping the southern por- 
tion of the range. 

Section G-G’ shows the structure of this part of the range, as 
interpreted by the writer. The crest of the ridge is formed of an anti- 
clinal segment of Madison limestone. On the eastern flank of the 
range an inverted section of Mesozoic rocks occurs below the Madi- 
son; the relations are almost identical with those along the north 
side of Trail Creek. The Madison limestone has apparently been 
thrust over the Mesozoic beds, overturning them. 

On the western flank the structure is quite different. At the foot 
of the mountain pre-Cambrian rocks are found, followed uphill by 
Cambrian strata, nearly vertical, and in some places overturned. 
These pre-Cambrian and Cambrian rocks have evidently been thrust 
eastward over the Madison which forms the crest of the ridge. The 
overturn is undoubtedly due to drag along the thrust plane. 

The pre-Cambrian disappears toward the west beneath the cover 
of gravels and lake beds in the Gallatin Valley. The distribution of 
pre-Cambrian rocks shown in the northwest part of Figure 1 sug- 
gests, however, that they are probably continuous beneath the cover 
over a large part of this area and that the thrusts observed in the 
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Bridger Range originated on the flank of a major uplift, which rose 
in the region of the present Gallatin Valley. 
INTERPRETATION OF STRUCTURES 
As was stated in the Introduction, one of the most interesting 
features of the Trail Creek—Canyon Mountain area is the way the 
trends of the folds and overthrusts appear to have been controlled 
by the orientation of larger blocks. Figure 12 shows the anticlines 
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Fic. 12.—Tectonic sketch map of Trail Creek-Canyon Mountain area 


and overthrusts of the Trail Creek-Canyon Mountain area, the 
main tectonic features of the Livingston Peak area (after Lam- 
mers),° and the larger outcrops of pre-Cambrian rocks in the region 
from the Livingston folio). Particularly noteworthy on this map 
are (1) the arcuate trend of the zone of deformation and of each 
element in the zone and (2) the en echelon arrangement of anticlines 
and thrusts. Each element is convex toward the southwest and is 
somewhat oblique to the trend of the zone as a whole. Also note 
worthy is the parallelism of the trend lines to the trend of the ad 
jacent pre-Cambrian areas. The North Snowy block, on the east, is 
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a part of the main Beartooth uplift, which trends nearly east-west 
between the Stillwater River and the Yellowstone. The trends in 
the Livingston Park area are parallel to the trends of the block, and 
the same trend continues into the eastern end of the Trail Creek 
Canyon Mountain area. As we go west, however, the trends swing 
around to a northwest direction and, as we approach the pre- 
Cambrian area at the western edge of the map, become nearly north 
and south, or nearly parallel to the trend of the pre-Cambrian area. 
['wo patches of pre-Cambrian are shown in this western area, sepa- 
rated by an outcrop of Miocene lake beds; it seems probable, how- 
ever, that the two are connected beneath the lake beds and are parts 
of a single uplift, which plunges where the pre-Cambrian area comes 
to a point, just above the title. 

We seem to be dealing with what European geologists call ‘“‘de- 
formation within a frame.’ The frame is provided by the two major 
uplifts, whose position is marked by the pre-Cambrian outcrops. 
Between these uplifts the smaller folds and thrusts arrange them- 
selves so as to conform, more or less, to the frame. 

At its western end, the North Snowy block is terminated by a 
normal fault (or possibly a monocline, in part). Lammers is of the 
opinion that this fault developed previous to the thrusting, and in 
this the writer concurs. It appears that the overthrusts, which had 
been held back on the east by the North Snowy block, were able to 
surge southward in the lower region west of the fault. Crustal short- 
ening, calculated on the basis of the structure cross sections, reaches 
a maximum just west of the Yellowstone Valley, where it was cal- 
culated as 4.5 miles; west of here it decreases rather rapidly and 
probably decreases eastward as well. The eastern continuation of 
the thrusts is concealed by the alluvium of the Yellowstone Valley, 
so relations in this direction are somewhat uncertain. It appears to 
the writer, however, that the Canyon thrust is probably continuous 
with the Suce Creek thrust of the Livingston Peak area; and, since 
no thrusts occur south of this in the eastern area, the Bullis and 
Strickland thrusts would appear to die out or merge with the 
Canyon thrust, somewhere under the alluvium. 

The usual trend in the Laramide ranges is slightly north of north- 
west, which would indicate that the compressive force which pro- 
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duced the deformation acted in a direction slightly west of south- 
west and east of northeast. Locally, however, individual trends de- 
part widely from this regional direction; and the departures are 
greatest and most numerous in the eastern ranges of the Middle 
Rockies and in the isolated uplifts of central Montana, east of the 
Rocky Mountains proper. Thom has postulated that the develop- 
ment of the surface structure of this eastern belt has been largely 
controlled by older, probably pre-Cambrian, structures in the base- 
ment.® In south-central Montana these structures seem to have 
trended somewhat north of west and south of east (see Fig. 1). The 
Beartooth uplift is the result of Laramide forces impinging obliquely 


a 







See 
North Snowy Ronge 


Fic. 13.—Looking east from Center Hill. West end of Canyon Mountain in center; 
Coke Creek Valley in foreground. 


on these basement structures. The uplift at the western edge of Fig- 
ure 12, which we may call the “Bridger block”’ (although it originally 
was much more extensive than that range), assumed a trend more 
nearly normal to the Laramide forces and more or less parallel to the 
axis of the Cordilleran geosyncline. These two blocks, having once 
been inaugurated, served to resolve the Laramide forces into com- 
ponents normal to the trends of the blocks; the Bridger block trans- 
mitted an east-west component, while the Beartooth block trans- 
mitted a north-south component. That portion of the Beartooth 
block west of the Stillwater River, known as the ‘North Snowy 
block,”’ was tilted toward the north; hence the northward-directed 


6 “Relation of Deep Seated Faults to the Surface Structural Features of Central 
Montana,” Amer. Assoc. Pet. Geol. Bull. 7 (1923), pp. 1-13. 
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component was also directed downward and the resisting southward 
component was directed upward; this resulted in overthrusting from 
the north to the south, or toward the block. The eastward com- 
ponent in the Bridger block, on the other hand, seems to have been 
directed upward, for here the direction of overthrusting was toward 
the east, or away from the block; i.e., the thrust planes dip westward. 

It is impossible, from the evidence so far accumulated, to assign a 
definite age to the deformation in this area. All that can be said with 
assurance is that both folding and thrusting occurred after the depo- 
sition of the Livingston formation (Montana) and before the deposi- 
tion of the lake beds (probably Upper Miocene). Closer dating might 
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Rocky Canyor, 


Gollatin Valley 





be possible if the age of the volcanic flows and agglomerates of the 
Gallatin Range were known. 

Analogy with other parts of the Rocky Mountains suggests a late 
Cretaceous or early Tertiary age for the deformation. In the ac- 
count of the Canyon Mountain structures, evidence was given that 
an early period of folding was followed by a period of erosion, and 
this by a later period of thrusting, with some folding. Near the mar- 
gin of the Bighorn basin, two unconformities have been observed’ 
one between the Lance and Fort Union and a second between the 
Fort Union and the Wasatch. It might be postulated, as a working 
hypothesis, that the first period of folding in the Trail Creek 
Canyon Mountain area occurred just before Fort Union time; that 
the erosion surface was developed concomitantly with the deposition 
of the Fort Union in the basins; and that the second episode of 


7D. F. Hewett, “Oil and Coal of Oregon, Meeteetsee, and Grass Creek Basin, 
Wyoming,” U.S. Geol. Surv. Prof. Paper 145 (1926). 
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deformation occurred at the end of Fort Union time or before the 
Wasatch. 
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GARNET SEGREGATIONS IN GRANITE GNEISS 
OF DEKALB COUNTY, GEORGIA 
JAMES G. LESTER 
Emory University 
ABSTRACT 

The characteristics of numerous segregations of almandite garnet occurring in a 
biotite-granite gneiss are described. The segregations are thought to be the result of 
convection currents in the magma and were broken and offset by tangential forces 
acting on the mass before final consolidation was effected 

In conducting research on the granite and granite gneiss of Dekalb 
County, Georgia, the writer was impressed with numerous garnet 
segregations encountered on the floors and walls of the quarries, 
especially at Arabia Mountain and at Little Stone Mountain. There 
are many outcrops of the gneiss in the crystalline belt of Georgia,’ 
but the outcrops lying to the east and southeast of Stone Mountain 
exhibit more occurrences of the garnet than any others. 

Both Arabia and Little Stone Mountains lie near the town of 
Lithonia, Georgia, which is the center of the granite gneiss industry 
of the state. Both mountains, in the strictest sense of the word, are 
merely hills but are locally designated as “mountains,” and the 
same designation will be used herein. They are small stocks on a 
large subjacent body of biotite-granite gneiss which underlies much 
of the piedmont section of Georgia.’ 

Little Stone Mountain, situated on the northeastern edge of 
Lithonia, comprises a central dome of about 14 square miles of bare 
rock surrounded by several small, low-lying, irregularly shaped ex 
posures. The central mass rises about 120 feet above the surround 
ing plain. 

There are two well-developed systems of joints on the southwest 
flank of the central dome, one system running about N. 45° W., and 
the other running about N. 45° E., all dipping about 75° to the 
north. Creeping of the uppermost sheet of the rock has caused the 


'L. La Forge, W. Cooke, A. Keith, and M. R. Campbell, ‘‘The Physical Geography 
of Georgia,”’ Ga. Geol. Surv. Bull. 42 (1925), pp. 69-74 


2 T. L. Watson, ‘‘Granites and Gneisses of Georgia,”’ Ga. Geol. Surv. Bull. o-A (1902), 


PP. 141-43 
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Fic. 1.—Map showing the relation of Stone Mountain, Arabia Mountain, and Little 


Stone Mountain. 
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torted the bands the more sharply defined they become. 


is the steepest, and the western slope is the most gentle. 


to that of Little Stone Mountain. 


GARNET SEGREGATIONS 


XXXIII (1925), pp. 805-6. 











joints to be opened to such an extent that they appear as intersecting 
trenches about 2-4 feet wide and 2-3 feet deep. The movement of 
the displaced sheet was caused in part by the steepness of the slope, 
combined with heavy blasting, and in part by the action of runoff 
water and frost. Except for the joints there are no major breaks in 
the rock. Faults are small and short and are commonly filled with 
quartz or pegmatite. Exfoliation is prominent in the rock, a condi- 
tion which is to be expected in the moist warm climate of the south- 
eastern states. The shape of the mountain is largely the result of 
exfoliation processes of long standing.’ Gneissic banding varies from 
place to place in intensity and complexity; the more highly con- 


Arabia Mountain, about 5 miles south of Little Stone Mountain, 
comprises three irregularly shaped domal masses with the general 
outline of ellipses. The major axis of each trends northeast-south- 
west. The rock is the same as that of Little Stone Mountain in com- 
position, texture, color, and structure, and there seems little doubt 
that they are connected at depth. The highest mass rises less than 
100 feet above the surrounding plain. The eastern slope of each mass 


Two types of joint systems are seen on the southwest flank of the 
westernmost dome—open joints and closed joints. The open joints 
trend about N. 15° E. and about N. 75° W. and dip at angles of 60° 
or more to the north. They are not so open or so deep as those on 
Little Stone Mountain but are thought to have been formed in a 
similar manner. The closed joints are traceable over unquarried sur- 
faces with difficulty, being obscured by a growth of lichen which 
covers the surface of the outcrop. Many of them, where exposed by 
quarrying, are found to be planes along which slight movement has 
taken place. They trend about N. 15° E. and about N. 75° W. and 
dip about 75° or more to the north. The gneissic banding is similar 


An interesting structural feature highly developed at both Little 
Stone Mountain and Arabia Mountain is the garnet segregation. 


3 E. Blackwelder, “‘Exfoliation as a Phase of Rock Weathering,” Jour. Geol., Vol 
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The garnet is a pinkish-to-reddish brown almandite, and the con- 
trast between it and the gray-colored granite gneiss is striking. It 
occurs as individual euhedral crystals (dodecahedrons) of minute 
size and as bands of massive garnet. The arrangement of the garnet 
in complex patterns is so noticeable and so prevalent that these may 
be catalogued in three groups or types. Representative examples of 


























Fic. 2 FIG. 3 


Fic. 2.—Type A garnet segregation from the west dome of Arabia Mountain 


Fic. 3.—Type B garnet segregation from the west dome of Arabia Mountain 


each were very carefully scaled with a steel tape (graduated in 
sixteenths of an inch) and sketched on cross-section paper. These 
sketches were reduced for publication. 

Type A shows remarkable symmetry about two axes, not only in 
outline but also in the general grouping and orientation of the faults 
(Fig. 2). 

Type B shows less symmetry about one axis but almost the same 
symmetry as Type A about the other axis (Fig. 3). 
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Type C shows a general lack of symmetry about either axis, poor 
grouping and orientation of faults, and great variation in width of 
the garnet band (Figs. 4 and 5). 

Characteristics, common to all three types, are listed as follows: 

a) The mineral within the limits of the width of the individual 
band is entirely garnet; but several bands of garnet may form the 





























ra 
) 
| 
H | 
' 
| 
| 
| 
| 
| 
ule 
o\% 
eg 
z 
| 
gl 
= 
| ia 
| ” 
| 
) 
| 
' ‘ 
| by 
o 
l RK 
2, 
| | 
| 
| 
| 
Fic. 4 FIG. 5 


Fic. 4.—Type C garnet segregation from the Collinsville quarry on Little Stone 
Mountain. 

Fic. 5.—Another Type C garnet segregation from Collinsville quarry. The gneiss 
around this segregation does not show the complex banding generally seen in the rock. 


segregation band, and between the garnet bands is found granite 
gneiss. 

b) Contacts between the garnet and the gneiss are sharp in some 
instances, transitional in others, or even sharp in some parts and 
transitional in other parts of the same segregation. 

c) All are broken and offset by faults which, in the main, are 
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small but in a few instances cause offsets of 25 or 30 feet. Drag 
along the fault plane is common. 

d) There is no uniformity in the width of the bands. Local swell- 
ing and thinning is of frequent occurrence, and the bands are often 
attenuated to mere threads composed of a single line of garnet 
crystals. 

e) They occur for the most part along or near the crest of the out- 
crops. The long axis of the segregation, Types A and B, parallels the 
long axis of the outcrop. 

f) Where sections of the segregations are exposed on the quarry 
walls, they dip toward each other; and two such sections form closed 
curves confined to a single sheet of the rock. 

g) They are highly contorted in their lateral extent but only 
mildly undulatory in their downward extent. 

h) Faults are slightly rotational, but offset blocks tend to trend 
in the same general direction as does the main body of the parent- 
segregation. 

i) Fluxion lines in the granite gneiss are parallel to the fluxion 
lines in the garnet segregations and also to the fluxion lines in the 
displaced blocks. 

j) Resorption phenomena between the garnet and quartz are 
noticeable in thin section. 

k) Occasional veins of quartz and pegmatite cut across the garnet 
bands, but in no instance found does a vein cut more than one limb 
of the segregation. 

1) No segregation has been yet found that extends through more 
than two sheets of the rock, and in a large majority of cases they 
extend only through one sheet. 

m) Garnet is an accessory mineral in the granite gneiss; and in 
several thin sections of the rock, taken from places free of segrega- 
tions, the garnet is seen as an accessory. 

n) The segregations occur in greater abundance on some outcrops 
than on others. For instance, the western dome of Arabia Mountain 
has fifteen segregations, while the other two domes are practically 
free of them, there being three on the middle dome and none on the 
eastern dome. 
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CONCLUSIONS 

From the characteristics listed the following conclusions may be 
drawn: 

1. The segregations are not xenolithic inclusions of the once-over- 
lying crystalline schists of the Carolina and Roan series.‘ 

2. The varied shapes, the occasional offset blocks, the seeming 
closure at depth, the parallelism of the gneissic bands and the flow 
bands in the segregations—all seem to point to the formation of the 
segregations prior to the consolidation of the rock. 

3. Faulting seems to have taken place before the final consolida- 
tion of the magma. The fault planes are rarely, if ever, seen and are 
only indicated by drag and by the matching size and shape of the 
offset blocks. 

The segregations are therefore considered to be the result of con- 
vection currents in a differentiating magma, rising almost vertically 
and bringing up the garnet bands which were fractured and inter- 
rupted by a shifting of the mass shortly before final consolidation. 
The gneissic banding in the rock is thought to be due in part to con- 
vection currents and in part to the shifting of the mass by tangential 
forces from the northwest. This force could possibly have been sup- 
plied by the intrusion of the Stone Mountain mass, an unfoliated 
muscovite granite. 


+S. C. Keith, Pisgah Folio, U.S. Geol. Surv. Atlas No. 147 (1917), pp. I-10. 
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This Earth of Ours. By Victor T. ALLEN. Milwaukee: Bruce Publishing 

Co., 1938. Pp. 364, figs. 258. $3.50. 

This Earth of Ours deals primarily with the physical and historical] 
development of the North American continent. The first chapters intro- 
duce the materials of which the earth is made. These are followed by 
others in which the geologic processes are discussed and the historical 
development of the continent is outlined. Later chapters take up the 
origin and development of life. 

In discussing the subject of evolution, the author has explained the 
attitude of the Catholic church toward this subject. The Scriptures 
neither teach nor disprove evolution. The Catholic church has left the 
subject open for the present but emphasizes that the Scriptures attribute 
the whole of Creation to the act of God; that man differs from the other 
animals by possessing an immortal soul; and that this soul was a special 
creation of God. Church authority has expressed no opinion as to the 
possibility of man’s body having evolved from lower forms, nor has it 
indicated which of the early fossil men, if any, were first endowed with 
a soul by Divine creation. Catholics are divided into two groups, each 
expressing individual opinions and not that of the church. One group is 
hostile to evolution; the other accepts a steadily evolving world as the 
result of God’s infinite power. The author has kept his discussion of evolu- 
tion within the bounds of these limitations (pp. 240-41). 

The book is written by one who is well versed in his subject. It is 
intended to appeal to the layman unacquainted with the geological sci- 
ences and to the beginning student. It is probably best suited to the 
latter purpose since the text lacks the dramatic style and continuity of 
story so desirable for appeal to those uninitiated in the science. The 
numerous and excellent photographs compensate largely for this lack of 
popular style. An excellent bibliography, arranged according to subjects 
of interest, has also been included. The book should make a good supple- 
mentary reader for an introductory college course in geology. 


RAYMOND E, JANSSEN 
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Boletin de geologia y mineria, Tomo II, Nos. 2, 3, and 4 in one volume. 

Caracas: Ministerio de Fomento, 1938. Pp. xvi+ 302. 

Appearing together in this single volume are fourteen papers on the 
geology of Venezuela and Trinidad, which were presented before the 
Second Venezuelan Geological Congress held in April, 1938. These con- 
tributions cover many phases of the geology of interesting and significant 
areas, well illustrated and amplified with numerous maps, structural sec- 
tions, stratigraphic columns, tables, and faunal lists. Much valuable in- 
formation is here made available. In the pocket at the end of the volume 
is a geologic map of the western Venezuelan Andes on a scale of 1: 500, 
000, which will be welcomed by any geologist interested in Andean tec- 
tonics. The discussions of these papers by members of the Congress are 
included in an Appendix. Very recently an edition in English (272 pp.) 
has been received. 


oy ee od 


Regionale Geologie der Erde, Band I: Die alten Kerne. Edited by K. 
ANDREE, H. A. Brouwer, and W. H. Bucuer. Abschnitt 6, The 
Indian Peninsula and Ceylon. By G. DE P. Cotrer. Abschnitt 7, 
Middle and West Australia. By E. DE C. CLARKE. Leipzig: Akade- 
mische Verlagsgesellschaft m.b.H., 1938. Pp. 124; figs. 43. Rm. 16.80. 
I'wo additional sections of this series have recently appeared. Previous 

sections were reviewed in the Journal.! 

Abschnitt 6 of Band I, The Indian Peninsula and Ceylon, deals with 
all formations except those of the extrapeninsular areas such as Burma, 
Baluchistan, and the Himalayas. Nine-tenths of these exposed rocks be- 
long either to the Archean system or to the great basaltic flows of the 
Deccan. The remaining tenth belongs largely to the Algonkian and the 
Gondwana systems, the latter being a series of coal-bearing fresh-water 
deposits ranging in age from Upper Carboniferous to Lower Cretaceous. 
Acceptance is given to the hypothetical existence of Gondwanaland as 
originally suggested by Suess, and to the theories of continental drift 
associated with the names of Pickering, Taylor, Wegener, and Du Toit. 
The problem of the Talchir glacial-boulder bed is given consideration. It 
is of Upper Carboniferous age. 

Abschnitt 7 of Band I, Middle and West Australia, covers the western 
half of the continent in which pre-Cambrian metamorphic rocks predomi- 
nate and which, as an old stable area, was but slightly affected by the 


™ Jour. Geol., Vol. XLVI (1938), pp. 1012-14. 
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activities which in eastern Australia gave rise to thick systems of Paleo- 
zoic and later formations, in places much folded, faulted, and interbedded 
by igneous rocks. Pre-Cambrian rocks outcrop, or are covered only by 
a thin overburden of younger rocks, throughout an area of one and one- 
half million square miles. 

The pre-Cambrian rocks of this region are important economically. 
Gold is the most valuable mineral product, over 40,000,000 ounces hav- 
ing been produced to the end of 1935. Slightly less than half the minerals, 
exclusive of coal, produced in Australia comes from pre-Cambrian hori- 
zons. Lron, copper, silver, lead, zinc, tin, tantalum, tungsten, and asbestos 
are included among the commercially important pre-Cambrian products. 
In addition to coal, the Paleozoic and later horizons yield considerable 
bauxite, as well as placer deposits of gold and cassiterite. Permian, Juras- 
sic, and Cretaceous rocks are the most important aquifers of the conti- 
nent. 

RAYMOND E. JANSSEN 


Geomechanik. By G. Kirscu. Leipzig: Johann Ambrosius Barth, 1938. 

Pp. 151; figs. 43. Rm. 16. 

This little book is dedicated to the memory of Alfred Wegener and is a 
brief, rather mathematical, discussion of the possibility of continental 
separation, especially with regard to somewhat deeper zones of the earth 
than are usually considered. The author is well acquainted with the work 
of A. Holmes and previous writers. 

Although the treatment is mathematical, great weight cannot be given 
to the results, since the fundamental data as to flow of heat and distribu- 
tion of radioactive material in the earth are still uncertain. Moreover, we 
know very little about the geology of the crust beneath the Atlantic, 
though we are likely to know considerably more in the near future. 

The book, however, is brief, and the author, who has been prominent in 
the Radium Institute in Vienna, implies in his Introduction that, since it 
is out of his regular line of work and it is not probable that he will be able 
to carry it further, he wishes to put it in shape so that, like a pioneer in 
exploration, he may have outlined a trail for others to follow. 


A.C. L. 


Geology of London and South-East England. By G. M. Davies. London: 
Thomas Murby & Co., 1939. Pp. viiit+-198; pls. 7; figs. 63. 7s. 6d. net. 
The Geology of London and South-East England constitutes a useful 

handbook and guide for the individual who desires a fuller knowledge of 











REVIEWS 851 





the local geology than can be obtained from the ordinary textbook. The 
book reverses the usual treatment of the subject, introducing the reader 
to the youngest, or surficial, deposits of the region, and from these leading 
backward through the geological history to the oldest known strata. In 
addition to the invertebrate and vertebrate fossils of the various horizons, 
the volume also discusses the human artifacts which may be found in the 
more recent deposits. Because of the prolific use of locality names, a 
thorough knowledge of the local geography of the London area is essential 
for a ready appreciation of the text. Although few photographs have been 
used, there are many line drawings of fossils and structure sections, as 
well as numerous tables and maps. 
RAYMOND E, JANSSEN 


Shrewsbury District Including the Hanwood Coalfield. By R. W. Pocock, 
T. H. WuitenEAD, C. B. Wepp, and T. RoBertson. (‘‘Memoirs 
Geological Survey Great Britain: England and Wales.”) London: 
H.M. Stationery Office, 1938. Pp. 297; pls. 8; figs. 33. (Obtainable 
in North America from the British Library of Information, New York.) 
$1.50. 

The area covered by this report is shown on the Shrewsbury Sheet 
(No. 152 of the Geological Survey of Great Britain) and lies entirely 
within the boundary of Shropshire in west central England. The oldest 
rocks are of pre-Cambrian age and comprise two distinct groups—one 
volcanic and the other sedimentary. Both are penetrated by basic intru- 
sions. The region also includes parts of the Coalbrookdale and Hanwood 
coal fields. Most of the area is covered by glacial drift. In addition to 
general geology, mineral products, water supplies, soil, and agriculture 
are discussed briefly. Fossil lists of the various horizons are also included. 


RAYMOND E. JANSSEN 


“Black Hills Caves,” by Epwarp L. TuLLis and JoHn PAUvt GRIEs, in the 
Black Hills Engineer, Vol. XXIV (1938), pp. 233-71. Rapid City: 
South Dakota School of Mines. 

This paper will be of especial interest to students of cave features, 
since it strengthens the concept of W. M. Davis and others that caves are 
developed beneath the water table, under completely submerged con- 
ditions. The conclusion is reached that the caves in the Pahasapa lime- 
stone of the Black Hills were formed in this way, being dissolved possibly 
by artesian waters at depths ranging from several hundred to a few 
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thousand feet, and that they have been very little altered by subsequent 
vadose conditions. The main cavern solution is thought to have been 
guided chiefly by large regional joints developed in the Black Hills uplift 
at the close of the Cretaceous, and cave-making occurred soon after the 
sedimentary cover of the central part of the uplift had been removed, 
perhaps as early as White River time. The authors believe the inclination 
of the strata and obscure dipping of the galleries are less reliable criteria 
for determining the caves’ mode of origin than are the patterns, profiles, 
and relations to present topography. They point out that most of the 
caves lie at levels below successive erosion surfaces which date from 
Eocene through the Quaternary and had no direct connection with sur- 
face drainage lines until very late in cave development. This is shown by 
the common occurrence of stream valleys transecting cave galleries and 
by the absence of a sinkhole stage, during which time the drainage would 
have been captured and alined with that of the caves. 


MAuvrRIcE E. Kirpy 


Our Natural Resources and Their Conservation. Edited by A. E. PARKINS 
and J. R. WHITAKER. 2d ed., revised. New York: John Wiley & Sons, 
1939. Pp. 647, numerous photographs, charts, tables, and text figures. 
$4.00. 

The general plan of the first edition (1936), which constituted an 
assemblage of chapters by various authors, has again been followed in 
the revised edition. The chapters have been reworked to fit changed con- 
ditions, and statistics have been brought up to date in accordance with 
available data. One new chapter, ‘Fisheries for the Future,’’ by Howard 
H. Martin, has been added. 

Although the interval between the appearance of the first and second 
editions of this volume has been brief, it must be admitted that advances 
in conservation during the same period have been relatively great. This 
is reflected primarily in the attitudes of the public and the governmental 
agencies. Federal crop control and soil-conservation measures, although 
far from satisfactory as yet, are moving forward. Federal and local recrea- 
tional facilities, which tend not only to conserve and use judiciously vast 
areas of the public domain, but which also enrich and conserve human life 
itself, have increased materially in the last few years. 

National regional planning in the United States is still in the experi- 
mental stage. Although desirable in principle, it has met with great oppo- 
sition because of the dictatorial methods of application and hence is in- 
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compatible with the social, economic, and political objectives of the 
American people (p. 596). The future, however, promises to see the faults 
of application corrected so that proper utilization of natural resources 
will not only benefit the population but will also meet with general 
approval. 

RAYMOND E. JANSSEN 


A pplied Geophysics. By A. S. Eve and D. A. Keys. Cambridge: Cam- 
bridge University Press; New York: Macmillan Co., 1938. Pp. xi+ 
316; figs. 112. $4.25. 

The necessity for a revision of Eve and Keys’s A pplied Geophysics six 
years after the appearance of the second edition is indicative of the rapid- 
ity with which the science of geophysics as applied to exploration is 
changing. 

The recent developments and improvements in gravitational, magnetic, 
resistivity, and seismic methods have been noted in the current revision. 
The ratiometric methods of electrical prospecting and the Schlumberger 
method of electrical logging of uncased oil wells are considered in some 
detail for the first time. Otherwise, little change has been made in the 
textbook save that the Bibliography has been brought up to date. 

The book still maintains its place as the most complete and the best- 
written text covering the entire field of geophysical prospecting. The re- 
viewer heartily recommends it not only to one interested in geophysical 
prospecting but to the geologist who wishes to keep abreast of the devel- 
opments in a sister science. Both the authors and the publishers are to be 
congratulated on the quality of the book that they have produced. 


H. W. STRALEY, III 


“The Discoveries of Antarctica within the American Sector, as Revealed 
by Maps and Documents,” by WILLIAM HERBERT Hospss. T,ransac- 
tions of the American Philosophical Society (N.S.), Vol. XXXI, Part I 
(1939). Pp. 71; pls. 32; figs. 10. $2.50. 

The use of airplanes in Antarctic exploration during recent years has 
added so much to our knowledge of the land masses in this region that 
extensive map revisions have become necessary. A review of the history 
of Antarctic discoveries is therefore appropriate at this time. These ex- 
plorations began as early as 1599 when a Dutch ship, blown off its course 
in rounding Cape Horn, accidentally discovered mountainous land to the 
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south. Subsequent records of discovery are reviewed in chronological 
order, including Ellsworth’s flights of 1935-36. The volume is profusely 
illustrated with maps and text figures reproduced from original sources. 


RAYMOND E. JANSSEN 


Molluscan Faunas of the Domengine and Arroyo Hondo Formations of the 
California Eocene. By HAROLD ERNEST VOKEs. (Annals of the New 
York Academy of Sciences, Vol. XXXVIII [New York, 1939].) Pp. 
246; pls. 22. 

Presented in monograph form is a study of the faunas occurring in the 
Domengine and Arroyo Hondo formations of the Vallecitos and Coalinga 
areas of the San Joaquin Valley. The Domengine assemblage consists of 
182 species, of which 88 are pelecypods, 89 are gastropods, and 5 are mis- 
cellaneous. The fauna of the Arroyo Hondo formation includes 97 spe- 
cies, most of which are also pelecypods and gastropods. Forty-five of 
these species occur in both formations. 

The Arroyo Hondo formation, which underlies the Domengine, is di- 
vided into two zones. Although there is a close relationship between the 
faunas of the upper Arroyo Hondo and the Domengine, there is a marked 
difference between that of the lower zone and the Domengine. Only one- 
third of the species present in the lower Arroyo Hondo are common to 
the Domengine. This difference is explained in part by differing ecologi- 
cal conditions and partly by the time interval, since a number of the 
species occurring in the lowermost division seem to be ancestral to forms 
appearing in the Domengine. 

RAYMOND E. JANSSEN 


INTERNATIONAL GEOLOGICAL CONGRESS 

The Geological Society of London announces that the Eighteenth Ses- 
sion of the International Geological Congress, which was to have been 
held in London from July 31 to August 8, 1940, is postponed indefinitely. 
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